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ABSTRACT

Heat transfer measurements were made for filmwise condensation
of R-113, steam and ethylene glycol on three sets of finned tubes
which differed only in root diameter. The fin root diameters were
12.7 mm, 19.05 mm and 25.0 mm. A comparison of the enhancement
ratios (based on constant vapor-side temperature drop) revealed that,
within the range of diameter tested, the effect of root diameter was
small. Results indicated that two or more trends may exist while
increasing root diameter.

With the exception of the small-diameter tubes with steam, a
change in root diameter did not effect the optimum fin spacing for
each fluid tested. The optimum fin spacing for the small-diameter
tubes with steam was approximately 2.0 mm, while the medium- and
large-diameter tubes had an optimum fin spacing of 1.5 mm. The opti-
mum fin spacing for R-113 and ethylene glycol was found to be
0.5 mm and 1.0 mm, respectively.

A comparison between the outside heat-transfer coefficients of
the medium-diameter tubes for R-113 and steam with past NPS inves-

tigation showed an agreement within +3 percent and *10 percent,
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I. INTRODUCTION

A. BACKGROUND

Heat exchangers play an intricate role in the design, building and
mission capabilities of today’s naval vessels. Main engine and auxiliary
condensers ensure the safe operation of the main engines and auxiliary
equipment as well as the generation of electrical power. Air-condi-
tioning condensers help to provide the climate control for ship’s
company and sensitive equipment. The development of high-powered
shipboard sensors, computers, and weaponry has stretched present
shipboard air-conditioning units to capacity. As a result, the modern-
ization of naval vessels has required several tons of additional cooling
capacity. Of course, this addition means that more space and weight
must be allocated to this equipment. The Naval Postgraduate School
(NPS), in association with David Taylor Research Center and with sup-
port from the National Science Foundation, is presently involved in
research aimed at reducing the size and weight of condensers. These
efforts can reduce ship’s tonnage, save fuel, and provide space for

other uses.

B. CONDENSATION

There are two modes of condensation: dropwise and filmwise. The
random formation and departure of discrete droplets on the con-
densing surface is known as dropwise condensation. This mode is very

efficient because the hot vapor is able to come in closer contact with




the cooler condenser surface because of the presence of very small
droplets. Unfortunately, sustained dropwise condensation has not been
practical despite decades of research. Filmwise condensation is a pro-
cess in which the entire surface is covered with a thin, continuous
film of condensate. The film creates a larger resistance to the heat
transfer and therefore this process is less efficient. However, in
designing and testing a condenser, filmwise condensation is desired
as this is the most likely mode to occur. The high efficiency and ran-
domness of dropwise condensation are not predictable and could lead
to over-speculation of the condenser's capabilities. Designing for film-
wise condensation is conservative and leaves a margin for error

[Ref. 1].

C. BASIC HEAT-TRANSFER EQUATION
The basic heat-transfer equation used to describe the relationship
between temperature difference and heat-transfer rate in a heat

exchanger is:

Q = UA(LMTD) (1.1)

where
Q = heat-transfer rate,
U = overall heat-transfer coefficient,
A = surface area for heat transfer consistent with U, and

LMTD

log-mean-temperature difference.




In a condenser, the value for the log-mean-temperature difference
(LMTD) is dependent on the characteristics of the vapor/condensate
and cooling water flow. The limits of this parameter are set primarily
by the saturation temperature of the vapor and the temperature of the

cooling water sink.

_(Tz _Tl)

LMTD = : Tm —Tl
Tm 'Tz ' (1:2)

where
T1 = cooling water inlet temperature,
T2 = cooling water outlet temperature, and

Tsat = vapor saturation temperature.

The overall heat-transfer coefficient (U) is dependent on cleanli-
ness, construction, and composition of the condenser tubes, as well as
the fluid properties of the condensate and the cooling water. It is
inversely proportional to the resistance to heat transfer. The area (A),
consistent with the coefficient, is usually the outside area of the tubes.
This area can be increased by the addition of fins. However, as pointed
out by Wanniarachchi, et al. [Ref. 2] and others [Ref. 3,4}, the enhance-
ment to heat transfer observed after adding fins is caused not only by
the increased area but also by the thinning of condensate film due to
surface tension forces. The change in film thickness affects the resis-
tance to heat transfer and therefore affects the overall heat-transfer
coefficient. On the other hand, surface tension forces cause a thick

condensate film to be present between the fins over the lower portion




of the tube. This tends to create a poorer performance on the lower
portion of the tube. Despite this, finned tubes have been demonstrated
to provide considerable enhancement over smooth tubes for various
fluids, including steam [Refs. 2, 3, 5]. By considering the LMTD to be
almost constant, Equation 1.1 clearly states that the optimum value for
heat transfer occurs at the optimum value of the product of the surface

area and the overall heat-transfer coefficient.

D. RESEARCH AT THE NAVAL POSTGRADUATE SCHOOL

A systematic study to determine the effects of fin parameters,
such as fin spacing, height, and shape, tube diameter and vapor veloc-
ity on condensation heat-transfer enhancement, began in June 1982
with the building of a test apparatus. Krohn [Ref. 6] designed and built
the experimental apparatus to study enhanced condensation heat
transfer on horizontal tubes. His apparatus, as modified, is described
in Chapter III of this thesis. Graber [Ref. 7] completed the instrumen-
tation and calibration for the apparatus and took preliminary data on a
smooth tube. The original smooth tube had thermocouples embedded
in the tube wall to directly measure wall temperature. This tube was
used to generate a correlation for the inside heat-transfer coefficient
which, in turn, was used to infer the outside heat-transfer coefficient
by subtracting the inside and wall resistances from the overall resis-
tance (Equation 4.17). In December 1983, Poole [Ref. 8] demonstrated
the use of the modified Wilson plot technique that compared favorably
with the direct method involving wall temperature measurements.

The modified Wilson plot technique is described in Chapter IV of this




thesis. Poole experienced difficulties in obtaining complete filmwise
condensation on a copper tube with steam as a working fluid. He had
partial success in obtaining filmwise condensation by oxidizing the
tubes with a special solution consisting of equal amounts of sodium
hydroxide and ethyl alcohol heated to about 80° C. The oxidation left a
very thin coating on the tube with negligible thermal resistance.
Although Poole had troubles in maintaining complete filmwise con-
densation, he concluded that the optimum spacing for steam conden-
sation on a horizontal tube with rectangular fins is around 1.5 mm.
Poole also found that the enhancement of the finned tube over the
smooth tube was greater than the enhancement in surface area alone.
Georgiadis [Ref. 5], in September 1984, improved the tube
cleaning and oxidizing procedures and verified the optimum fin spac-
ing for steam as 1.5 mm for rectangular finned tubes with various fin
thicknesses and heights. He found that the heat-transfer enhancement
does not strongly depend on fin thickness, though a thickness of 0.75
to 1.0 mm thickness was slightly better than the average. Although
increased fin height improved enhancement, increasing fin height
above 1.0 mm increased the heat-transfer enhancement less than the
percentage surface area gained. Flook [Ref. 9] tested tubes with trian-
gular, trapezoidal, parabolic, and rectangular shape fins. The parabolic
tubes had superior heat-transfer performance. Flook also tested for the
effect of tube material and vapor velocity. He found that an increase in
vapor velocity from 2 to 8 m/s increased the heat-transfer rates as

much as ten percent. He compared the results of a stainless steel tube




with a copper tube and confirmed that materials with high thermal
conductivities will enhance the heat-transfer performance.

In March 1986, Mitrou [Ref. 10] tested wire-wrapped tubes and
tubes with rectangular, trapezoidal, triangular, and parabolic shape
fins. The parabolic fins had the best heat-transfer performance. Mitrou
confirmed the effects of thermal conductivity discussed by Flook by
testing tubes made out of copper, aluminum, copper-nickel, and
stainless steel. Cakan [Ref. 11], in December of 1986, continued test-
ing with steam and attempted to improve the vapor-side heat-transfer
coefficient by attaching a porous drainage strip to the underside of the
finned tube. The drainage strip was designed to remove the thick
condensate film on the lower portion of the tube and thus enhance the
performance of the lower portion. Cakan found that the use of drainage
strips significantly enhanced the vapor-side coefficient.

In June 1987, Zebrowski [Ref. 12] was the first student to test a
fluid other than steam. R-113 was selected because of its low surface
tension. Oxidizing the tube was not required to maintain complete
filmwise condensation for R-113. Zebrowski's research resulted in an
optimum fin spacing between 0.25 and 0.5 mm. He showed that the
Beatty-Katz relationship for the outside heat-transfer coefficient
agreed with his experimental results to within +10 percent for inter-
fin spacings greater than 1.0 mm. As the interfin spacing was
decreased from 1.0 mm, the Beatty-Katz relationship overpredicted
experimental results. Zebrowski concluded that this overprediction

was caused by condensate retention on the lower portion of the tube.




Zebrowski also measured the local vapor-side heat transfer coefficient
for two finned tubes. This was accomplished by systematically insulat-
ing the upper portions of the tube and using the modified Wilson plot
technique. He found that the local enhancement at the top of the tube
was approximately twice the average enhancement. Lester [Ref. 13], in
September 1987, with steam as the working fluid, tested for the local
vapor-side coefficient around a finned tube. As with Zebrowski, he
concluded that at the top of the tube, the local coefficient was approx-
imately twice the average value around the tube.

Table 1.1 shows a summary of the NPS research program. All of
the previous research was for tubes with a root diameter of 19.05 mm.
Since tube diameter may play a significant role in determining the
condensate retention angle and heat and fluid flow processes, it is
important that this aspect of the problem be studied. Also, a fluid with
intermediate surface tension properties, such as ethylene glycol,
should be tested to further study the effect of fluid properties r : the

condensation process.

E. OBJECTIVES
The main objectives of this thesis were:

1. to measure the effect of root diameter on the enhancement of
finned tubes, and

2. to modify the apparatus to enable the use of ethylene glycol as a
working fluid.
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I1. LITERATURE SURVEY

A. INTRODUCTION

Until recently, the use of horizontal low integral-fin tubes for heat
transfer with high surface tension working fluids (i.e., water) was con-
sidered impractical. A visual inspection of the of the horizontal tube
revealed a thick film of retained condensate on the lower portion of
the tube. Owing to this thick film, the heat-transfer performance in
this lower portion of the tube was expected to be negligible. However,
Wanniarachchi, et al. [Ref. 14] and Yau, et al. [Ref. 4] have shown con-
siderable enhancements even for fully flooded tubes. Therefore, a
complete understanding of the actual physical phenomena that take
place in the flooded portion is essential in predicting the heat-transfer

performance of finned tubes undergoing filmwise condensation.

B. CONDENSATE RETENTION ANGLE

The condensate retention angle has been defined as the angle
measured from the bottom of a horizontal finned tube to a point
around the tube circumference where the condensate film between
fins abruptly thins. This angle is graphically depicted in Figure 2.1.
Condensate retention angle is dependent on fluid properties and fin
geometry.

Katz, et al. [Ref. 15] were the first to investigate the condensate

retention angle and to develop an equation for predicting its behavior.
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External Diameter of fins

Retained Condensate
Retention Angle (V')

Figure 2.1 Schematic of Condensate Retention Angle
on Finned Tubes
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Their initial tests were conducted on two disks separated by a washer
to simulate two adjacent fins. Later, tubes with fin densities of 276 to
984 fins per meter (fpm) and fin heights of 1.2 to 5.7 mm were tested.
The amount of condensate retained on the tube and the retention
angle were measured by weighing and by visual inspection with a
cathetometer. The data were taken in a static condition (i.e., no con-
densation occurring) with water, aniline, acetone, and carbon tetra-
chloride. The surface tension for each of these fluids was measured by
the pendant drop method and a capillary tube. Katz found that reten-
tion angle was dependent on fin geometry and fluid properties. The
ratio of the surface tension to the difference of condensate and vapor
densities was very significant and explained why retention angle varied
from one fluid to another for a given tube. Since the vapor density is
much smaller than the condensate density, it was ignored, thereby
making the ratio of surface tension to condensate density the major
contributor from the working fluid. Equation 2.1 shows the relation-

ship developed by Katz, et al. [Ref. 15].

¥ o|4Dr‘2Dr‘2SJ(180)

" = x 2 2 2.1
sin¥ plgl_ T(Df—Dr)S 980 ( )
where
Y = condensate retention angle (degrees),
6 = surface tension (N/m),

g = gravitational constant (9.806 m/s2),
p1 = condensate density (kg/m3),
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Dr = root diameter (m),
Df = fin diameter (m), and
s = interfin spacing for rectangular fin(m).

This equation shows that, keeping the fin height and spacing constant,
an increase in root diameter would result in a decrease in condensate
retention angle.

Until an investigation by Rudy and Webb [Ref. 16] in 1981, the
retention angle had been determined only under static conditions.
Rudy and Webb measured liquid retention angles by visual sighting
through a cathetometer. They measured the retention angle for water,
R-11, and n-pentane under static conditions and their results com-
pared favorably with the model developed by Katz, et al. (Equation 2.1).
The retention angles for R-11 and n-pentane were also measured
under dynamic conditions. Integral-fin tubes with 748, 1024, 1378
fpm, a “Thermoexcel-C"tube with 1429 fpm, and a pin-fin tube with
1378 fpm were examined under static and dynamic conditions. They
confirmed the Katz, et al. [Ref. 15] conclusion that retention angle
increased with the ratio of surface tension to condensate density, and
concluded that the condensate retention angle was not significantly
different under dynamic and static conditions.

In 1982, Rifert [Ref. 17] developed an equation to predict con-
densate retention angle by modeling the rise height between fins to
capillary rise height along vertical plates. Again, retention angle was
strongly influenced by the ratio of surface tension to condensate

density. Equation 2.2, developed by Rifert, demonstrates that an
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increase in root diameter will decrease the condensate retention

angle

(2.2)

L\ - COS_l‘} - MJ'

plg]:)l'AP

where
Ap = profile area of fin (m2),

Pw = wetted perimeter (m), and

P fin pitch (m).

Rudy and Webb [Ref. 18] developed a general equation to predict
retention angle for finned tubes of various fin geometries. Their
working fluids of water, R-11, n-pentane, and acetone were used with
finned tubes having fin densities of 748 to 1417 fpm. Their static test
consisted of a finned tube being placed in a shallow pool of working
fluid. The rise height of the working fluid in the inte-fin spaces was
compared to an unrolled tube of the same fin geometry. The unrolled
tube was fabricated by slicing a tube section and carefully peeling the
tube open into a flat plate. The rise heights were the same. When the
finned tube and the unrolled tube were removed from the shallow
pool, the rise heights remained unchanged. From these observations,
Rudy and Webb deduced that the retention angle was caused by a bal-

ance of surface tension forces and the weight of condensate. A simple

force balance on the retained condensate led to the following equation:

(2.3)

¥ = COS-I[I - M_e-_t)_J,

Dp,ges
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where

e = fin height (m), and

t = fin thickness for rectangular fin (m).
Rudy and Webb found that Equation 2.3 predicted condensate reten-
tion angle to within +10 percent. Again, increasing the root diameter
would lower the condensate retention angle.

Honda, et al. [Ref. 19] did a photographic study on dynamic and
static condensate retention angles for methanol and R-113. They con-
firmed the conclusion of Rudy and Webb that static and dynamic
retention angles were approximately the same. They experimented on
finned tubes with and without porous drainage strips. Their measure-
ments with no strips were in agreement with previous experimental

data, and they developed the following equation:

(2.4)

4
Y = cos“ll - ———GCOSﬁJ,

D,p,gs

where
B = fin-tip half angle.

In 1985, Rudy and Webb [Ref. 20] extended their prediction of
condensate retention angle for various fin geometries by modifying
Equation 2.3. They tested finned tubes with fin densities of 748 to
1378 fpm, one spine fin tube with 1378 fpm, and a “Thermoexcel-C"
tube. They used R-11, water, and n-pentane as the working fluids.
Again, Rudy and Webb concluded that the retention angle increases

with the ratio of surface tension to condensate density and fin height
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but decreases as tube diameter increases. They developed the follow-

ing expression for a trapezoidal shape fin shown in Figure 2.2.

(2.5)

‘I’=cos"ll ___20(t,+2e-t,) J

D,p,g(t,e-s,e-ety)

where
tt = fin thickness at tip (m),
tp = fin thickness at base (m)}, and
sp = interfin spacing at base (m).
For a rectangular-shape fin, Equation 2.5 reduces to the following:

4G
¥ =cos|1 -
l Drp,gsJ .

(2.6)

This equation is identical to Equation 2.4 of Honda when B =0

degrees.

-t e ——

N M
ot

Figure 2.2 Trapezoidal Fin Used by Rudy and Webb [Ref. 20]
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Once again, Equations 2.5 and 2.6 predict that condensate reten-
tion angle will decrease with increasing tube diameter. Rudy and Webb
completed static retention angle tests on 19 mm and 25 mm diameter
tubes with fin densities of 1024 fpm. They observed that the rise
heights were equal and therefore the larger-diameter tube retained
less condensate and had a smaller retention angle.

Masuda and Rose [Ref. 21] found that condensate was retained not
only in the flooded portion of the tube. Their photographic study
revealed that condensate was also retained at the base of the fin in the
upper portion of the tube usually referred to as the unflooded portion.
The film thickness around the base decreased with circumferential
position around the tube. They therefore postulated that more surface
area of the finned tube was insulated by the condensate than previously
expected. Masuda and Rose [Ref. 21] concentrated their research on
the profile of the condensate in the interfin spacing. They defined four
separate retention conditions based on the meniscus profile in the
interfin spaces and along the sides of the fin. These retention condi-

tions are listed below and shown pictorially in Figure 2.3.

1. “...the interfin space is just filled by the meniscus but the fin
flanks are not wholly wetted.” [Ref. 21] (Figure 2.3 b(2))

2. “...where the whole of the flank is just wetted and for which the
liquid film at the center of the interfin spacing has finite thick-
ness.” [Ref. 21] (Figure 2.3 b(3), defined as fully flooded)

3. “...when the fin flank is just completely wetted but the interfin
space is not wholly wetted.” [Ref. 21] (Figure 2.3 c(2))

4. “...the whole of the interfin space is just wetted and for which the
contact angle at the fin tip is non-zero.” [Ref. 21] (Figure 2.3 c(3))

17
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Figure 2.3 Flooding Conditions Proposed by Masuda and Rose
[Ref. 21}




Masuda and Rose developed separate expressions for each listed
flooding condition. Condition three was considered the fully flooded
condition and, in this situation, their expression reduces to Equation
2.6 for rectangular fins.

Honda, et al. [Ref. 22], in 1987, developed two equations for the
prediction of condensate retention angle. One expression for retention
angle was used when the fin spacing exceeded twice the fin height
and the other when the fin spacing was less than twice the fin height.

The latter case, for rectangular finned tubes, reduces to Equation 2.6.

C. HEAT-TRANSFER PERFORMANCE ON FINNED TUBES

In 1948, Beatty and Katz [Ref. 23] were the first to develop a
model to predict the outside condensing heat-transfer coefficient for a
horizontal finned tube. They divided the finned tube into two geomet-
ric regions. The fin flank was considered to be a vertical plate and the
interfin spacing to be a smooth horizontal tube. By combining the
equations of Nusselt for vertical plates and smooth horizontal tubes,
Beatty and Katz expressed the outside heat-transfer coefficient as

shown in Equation 2.7.
o2 Ay, 1 A
th =0.689F ,[Xo‘( D°_25)+ 1.3";?0'1‘0.25‘! . (2.7)
where

F _[k?p,ghng
HATw | (2.8)
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and

2 2
L oegPe=Pr
e 4Df (2.9)

hpk = Beatty-Katz outside heat-transfer coefficient(W/m?2 - K),
hgg = specific enthalpy of vaporization (J/kg).

k] = condensate thermal conductivity (W/m - K),

K1 = condensate dynamic viscosity (kg/m-s),

n¢ = fin efficiency,

ATys = temperature drop across the condensate film (K),
A; = surface area of smooth tube (m2),

Ar = surface area of fin (m2), and

A, = total external surface area, Ar + ng Ar, (m2).

The coefficient of 0.689 is five percent less than the expected value of
0.728 from the Nusselt equation for a smooth horizontal tube. This
coefficient resulted from tests carried out on six single horizontal
finned tubes. These tubes had fin densities of up to 630 fpm. Their
working fluids included methyl chloride, sulfur dioxide, refrigerant-
22, propane, n-butane, and n-pentane. Surface tension for these fluids
varied from 0.005 to 0.025 N/m. They found that the computed results
from Equation 2.7 and experimental data agreed within ten percent.
Notice that Equation 2.7 shows that the heat-transfer coefficient
decreases with increasing tube diameter.

Although the use of Nusselt's equations was ingenious, those

equations forced Beatty and Katz to apply Nusselt's assumptions to
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their model. The most important assumption was that gravity forces
alone controlled condensate drainage. No surface tension forces
existed and no condensate was retained between fins. Because Beatty
and Katz [Ref. 23] only tested tubes with low fin densities and used
relatively low surface tension working fluids, their equation seemed
promising. Rudy and Webb [Ref. 16] found that the Beatty and Katz
model overpredicted the results for fluids with a higher surface ten-
sion to condensate density ratio. They attempted to use the Beatty and
Katz relationship for only the unflooded region, which led to Equation
2.10.

. 1 -_
h', =(—81°8—0‘P)hax. (2.10)

where hpg is given by Equation 2.7 and
h’, = modified Beatty-Katz condensing coefficient (W/m?2 - K).

This was the first research to include the effect of condensate reten-

tion in heat transfer. They reasoned that surface tension forces caused

the retention of the condensate on the lower portion of the tube to act

as an insulator. This equation resulted in 10- to 50-percent underpre-

dictions for R-11, n-pentane, and water.

Owen, et al. [Ref. 24], in 1983, concluded that the margin of error
in the Rudy and Webb Equation resulted from the assumption of no
heat transfer in the flooded region. Therefore, to improve this model,
Owen, et al. allowed for one-dimensional heat conduction through the
fins and condensate film in the flooded region. The condensate thick-

ness was presumed to be equal to the fin height in the flooded region.
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This model, however, showed only a slight improvement over the
Rudy and Webb model.

It became apparent that condensation on a finned tube was a very
complex phenomenon with a number of controlling parameters not
considered in previous models. Variables not considered were three-
dimensional condensate flow, surface tension forces, wall conduction
effects, condensate film thickness variations, and vapor velocities [Ref.
25]. Previous models considered only the insulating effect of the con-
densate film in the flooded region. Gregorig [Ref. 26], as early as in
1954, proved that surface tension also produces pressure gradients
that thin the condensate film around the fin tips and along the fin
sides.

In 1987, Webb, et al. [Ref. 27] re-examined the Beatty-Katz model
and pointed out that on finned tubes surface tension, not gravity, was
the prime mover of condensate. Therefore, the Nusselt analysis was
not valid for finned tubes. They therefore divided the finned tube into
two regions: the flooded and the unflooded portions. Equation 2.11

was used to compute the average outside heat-transfer coefficient

hn=(§%—?-1hh‘;’+h,nf%J+(%)hb, (2.11)
where
h = condensing coefficient based on Agr (W/m?2 - K),
hf = condensing coefficient of the fin (W/m2 - K),
hp = condensing coefficient for smooth horizontal tube (W/m?2 - K),
hp = condensing coefficient for flooded portion (W/m?2 - K),
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Agf =nDgL (m2),
L = length of tube (m), and
n = surface efficiency, (1 - (1 - ng A/ (Ar+Ag).

The condensing coefficient for the fin (hf) was determined by
assuming that surface tension forces induced pressure gradients along
the condensate film surface. They assumed a linear pressure gradient
from fin tip to fin root. A heat balance on the condensate yielded the
average heat-transfer coefficient for the fin. To compute the heat-
transfer coefficient for the horizontal smooth tube portion (hy) in the
interfin spaces, an iterative process which would take into account the
additional condensate from the fin flanks was used. The condensing
coefficient in the flooded region (hp) was derived by use of two-
dimensional conduction of the fin-condensate composite structure.
They found that in the flooded region, the heat-transfer rate only
accounted for 0.2 percent of the total rate for R-11. For steam with a
retention angle of 54 degrees, the heat transfer rate in the flooded
region was only 1.6 percent of the total rate. These results suggested
that the flooded portion of the tube could be practically ignored.
Notice that these calculated results are in disagreement with the
experimentally observed results mentioned earlier that even fully
flooded tubes gave considerable enhancements. Therefore, it is possi-
ble that actual processes with fully flooded tubes are far more complex
than can be explained by one- or two-dimensional heat conduction
alone. By ignoring the heat transfer in the flooded portion, Webb, et al.
[Ref. 27] pointed out the importance of the retention angle. By
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decreasing the retention angle, the heat transfer would significantly

increase as shown by Equation 2.11. With this model, Webb, et al. [Ref.
27] found that experimental and theoretical results for R-11 agreed to
within #25 percent. Disappointed with these results, Webb, et al. [Ref.
27] used the theory of Adamek [Ref. 28] to predict a new value for the
condensing coefficient on the unflooded fin flanks. This latter method
provided results within +#20 percent of their experimental data for
R-11.

In 1987, Honda, et al. [Ref. 29] introduced a prediction model
that accounted for surface-tension-induced pressure gradients, con-
densate retention angle, heat transfer through the flooded region, and
fin geometry. The tube was divided into flooded and unflooded regions
and the average Nusselt number and wall temperature were computed

for each region.

Nu < Nu, Nl -Tw)0-% +Nu n0Q-T ¥
‘0 1-To)0-%)+1-T, )P . (2.12)

where the dimensionless temperature (T) and retention angle (¥)

were expressed as:

T-T,
T=lT,—TcJ' (2.13)
and
Y
¥=180 (2.14)
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o

o
]

average Nusselt number for finned tube,

Nugqy = average Nusselt number for unflooded portion,

Nugr = average Nusselt number for flooded portion,

Te = average coolant temperature,

Ts = saturation temperature,

T - dimensionless average wall temperature for flooded por-
tion, and

T

wu = dimensionless average wall temperature for unflooded
portion.

Equation 2.6 was used to solve for the condensate retention angle. In
Equation 2.12, the retention angle plays a significant role in deter-
mining the heat transfer. The average Nusselt numbers were used in
Equation 2.12 because Honda, et al. [Ref. 29] allowed the surface-
tension-induced pressure gradients to change around the circumfer-
ence of the tube. A 20 percent error was found between this model
and experimental results for 22 tubes and 11 fluids. Marto, et al. [Ref.
30] compared this model with their R-113 experimental results and
found the model to be generally conservative with a #20 percent error.

The model did underpredict for very small fin spacings.

D. SUMMARY

From these previous findings, it is apparent that the condensate
retention angle can be easily predicted. Equation 2.6 is the generally
accepted expression for condensate retention angle. From this equa-
tion, it is easily seen that an increase in the tube root diameter will

decrease the condensate retention angle. Although a great deal of
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effort has been applied to develop an accurate heat-transfer prediction
model, one does not exist. Marto, et al. [Ref. 30] found that the Honda,
et al. [Ref. 29] model appears to be the best, showing an agreement to
within 20 percent of the experimental data. This percent error was
far better over the entire range of fin spacings tested than obtained

with the Webb, et al. [Ref. 27] and the Beatty-Katz [Ref. 23] models.

26




III. APPARATUS AND TUBES TESTED

A. DESCRIPTION OF APPARATUS

The test apparatus, as shown in Figure 3.1, consisted of a boiler, a
test section, glass piping, and an auxiliary condenser with a purging
system to remove non-condensing gases. The boiler was fabricated
from a 0.3048 m (12 inch) diameter Pyrex glass section with ten
4-kW, 440-V, Watlow immersion heaters. Vapor flowed upward from
the boiler into a 2.44 m-long section of 152 mm-diameter glass piping
before making a 180-degree turn toward the test section 1.52 m
below. The test section (see Figure 3.2) was fabricated from stainless
steel with nylon and Teflon fittings to support the test tube and to
connect cooling water. Cooling water to the test tube was pumped
from a water sump and was varied by a throttle valve at the inlet of a
flowmeter. A continuous flow of tap water was supplied to the water
sump. A thermocouple, placed just above the test tube, and a mano-
meter provided accurate vapor temperature and pressure readings,
respectively. A view port in the test section allowed the condensation
process to be observed and photographed. The auxiliary condenser
consisted of a copper coil within Pyrex glass piping. Cooling water
supply was tap water that was controlled by a throttle valve at the inlet
of a flowmeter. Modifications made to the auxiliary condenser are

discussed later in this chapter.
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Figure 3.1 Schematic of Test Apparatus
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The purging system consisted of copper tubing, a small copper
coil, a Plexiglas cylinder, and a vacuum pump. Gases drawn by the
pump left the secondary condenser via the copper tubing and flowed
into the copper coil. This coil was located in the water sump that pro-
vided cooling water to the test tube. The heat exchange in the coil
condensed any residual working fluid vapor. The non-condensing
gases and residual working fluid were collected in a small cylinder in
the water sump. The liquid collected at the bottom of the cylinder was
drained at the end of the data run. The non-condensing gases (usually
air) were suctioned to the top of the container and drawn into the
pump suction (Figure 3.3). A more detailed description of the appara-
tus has been provided in the references [Refs. 5, 8, 9, 11, 13].

B. MODIFICATIONS TO APPARATUS

Modifications were made to the original apparatus to improve sys-
tem integrity and to meet the objectives of this thesis. Prior to these
modifications, cooling water to the secondary condenser was con-
tained in two helically wound coils made of 3/8-inch copper tubing. A
4-inch coil was located inside a 5 1/2-inch coil. Each coil was 18
inches in length. Preliminary tests with ethylene glycol at a saturation
temperature of 128° C indicated that the water flow rate through
these coils was not large enough. When proper water flow rate was
provided to achieve a desired system pressure, slugs of liquid and
steam were observed to be flowing out of the cooling coils, indicating

that boiling of the water was occurring. The steam produced created
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vapor-blocking inside the tubes, thus almost stopping the water flow
intermittently. When this occurred, the system pressure started to
increase. Once the tube was entirely blanketed with vapor, water
rushed again, providing cooling. This cycle repeated while the system
pressure experienced uncontrollable fluctuations. To avoid this prob-
lem, a new 5-inch diameter helical coil was therefore fabricated from
5/8-inch copper tubing. The new coil was 18 inches in length and
tested satisfactorily for all three working fluids. The larger inner dia-
meter of this tube was adequate in preventing any vapor blocking by
allowing a larger cooling water mass flow rate.

Since the new configuration called for a single coil over two, a
new base plate for the secondary condenser was needed. The fitting
for the gravity drain condensate return line was 1/2 inch vice the 1-
inch fitting out of the dual coil base plate. A single 1/2-inch stainless
steel tube with a 90 degree bend was used for the drain line. Previ-
ously, the old drain line reduced from 1 inch to 1/2 inch by using two
reducing fittings. This drain line was a constant source of vacuum
leaks and its location in the system made repairs very difficult. The
installation of the single 1/2-inch line improved system integrity by

eliminating a possible source of vacuum leaks.

C. TUBES TESTED

One smooth tube, 18 tubes having rectangular section fins, and a
special tube identical to the one used by Masuda, et al. [Ref. 3] of
Queen Mary College, University of London, were to be tested with
steam, R-113, and ethylene glycol as the working fluids. All tubes were
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made of copper and the 18 finned tubes consisted of three families
having different tube root diameters. The tube diameter was the char-
acteristic common to each family. The tubes with the 12.7 mm diame-
ter (also referred to as root diameter) were considered the small
tubes, while the 19.05 mm and the 25 mm were medium and large
tubes, respectively. Each tube matched one other tube in a different
family with all geometric parameters, with the exception of the
diameter. All tubes had a fin height of 1.0 mm and a fin thickness of
1.0 mm. The comparison tube will be referred to as the QMC tube.
Tube parameters are listed in Table 3.1. Figure 3.4 shows a photo-
graph of the small-diameter tube family. Figure 3.5 shows a photo-
graph of tubes with a 1.5 mm fin spacing, while Figure 3.6 shows a
photograph of the inserts used during this investigation.

Various problems were encountered while testing and will be dis-
cussed in Chapter V. Only preliminary data were taken for the small
and QMC tube using ethylene glycol. After completing R-113 and
ethylene glycol data, tube 10 was mistakenly modified by blasting its
surface with glass beads in an attempt to remove the oxide film. Close
inspection of the tube surface area revealed that the local geometry
around the tips of the fins had been significantly altered. Therefore, a
tube of the same dimensions was produced to replace tube 10. How-
ever, the new tube was manufactured at the NPS machine shop and its
copper surface was slightly different than the original tube that was

commercially manufactured.
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TABLE 3.1
DIMENSIONS OF TUBES TESTED

Tube Dy (mm) Di(mm) s (mm) t (mm) e (mm)

Smooth tube

1 19.052 12.7 - - -
Small tubes

2 12.7 9.53 0.25 1.0 1.0

3 12.7 9.53 0.5 1.0 1.0

4 12.7 9.53 1.0 1.0 1.0

5 12.7 9.53 1.5 1.0 1.0

6 12.7 9.53 2.0 1.0 1.0

7 12.7 9.53 4.0 1.0 1.0
Medium tubes

8 19.05 12.7 0.25 1.0 1.0

9 19.05 12.7 0.5 1.0 1.0

10 19.05b 12.7 1.0 1.0 1.0

11 19.05 12.7 1.5 1.0 1.0

12 19.05 12.7 2.0 1.0 1.0

13 19.05 12.7 4.0 1.0 1.0
Large tubes

14 25.0 12.7 0.25 1.0 1.0

15 25.0 12.7 0.5 1.0 1.0

16 25.0 12.7 1.0 1.0 1.0

17 25.0 12.7 1.5 1.0 1.0

18 25.0 12.7 2.0 1.0 1.0

19 25.0 12.7 4.0 1.0 1.0
GMC tube

20 12.7 9.53 1 0.5 1.59

a Dr = Do for smooth tube
b Glass beaded tube
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Figure 3.4 Photograph of Small-Diameter Tube Family
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Figure 3.5 Photograph of Tubes With 1.5 mm Spacing

Figure 3.6

Photograph of Inserts
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D. SYSTEM INTEGRITY

After completing the modifications to the apparatus, it was
important to verify system integrity prior to taking data. System integ-
rity is a term used to describe the air tightness of the closed-loop
apparatus. For approximately three months, the system had remained
idle prior to this research. For this reason, all the rubber gaskets were
replaced. A vacuum test was conducted by using the vacuum system to
bring the pressure in the apparatus down to approximately 20 mm of
mercury. The apparatus was secured and the vacuum pump turned off.
If the manometer indicated that the apparatus had maintained a vac-
uum within 2 mm in a 24-hour period, system integrity was consid-
ered good. This test was repeated between data runs at least oinice a
week.

Initially. many leaks in the apparatus were found around the fit-
tings of the condensate drain lines. Three valves and a second gasket
were replaced. Some leaks were located by placing the system under
vacuum to draw in Freon gases. Once the Freon gases were in the
apparatus, nitrogen gas was used to slightly pressurize the apparatus. A
Freon detector was then slowly moved around the outside of the appa-
ratus to detect leaks. This method was successful in finding the last
few leaks.

The presence of non-condensing gases during data taking was a
good indication of a vacuum leak. The data reduction program would
ask the operator if non-condensing gas concentration needed to be

checked. The check compared the actual vapor temperature measured
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by the thermocouple in the vapor space upstream of the test tube to
the calculated saturation temperature for the apparatus pressure. Non-
condensing gases were checked prior to the first data set accepted
and the last data set accepted. If the check prior to the last data set
showed the presence of non-condensing gases, the entire data run was
discarded. A vacuum test was conducted after non-condensing gases
were detected or if the data were suspect. Most vacuum leaks were
caused by a bad gasket or valve on the secondary condenser or by the

vacuum system being inadvertently left open.
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IV. EXPERIMENTAL AND DATA REDUCTION PROCEDURES

A. EXPERIMENTAL PROCEDURES

Prior to testing, a soft brush and tap water were used to clean the
interior and exterior of each tube. Distilled water was used for the final
rinse. As proven by Zebrowski [Ref. 12], while testing R-113, an oxi-
dizing coating was not needed to assure filmwise condensation. A
preliminary test with ethylene glycol indicated that there was no dif-
ference between the results with and without a coating. For this rea-
son, it was determined that the oxidizing coating was not required for
filmwise condensation with ethylene glycol.

When the working fluid was steam, the tube had to be coated with
a thin oxidation layer with negligible thermal resistance to ensure
filmwise condensation. Equal volumes of sodium hydroxide and ethyl
alcohol were mixed and heated to about 80° C to make an oxidizing
solution. This solution was applied while the tube was suspended above
a pool of boiling water. To establish a coating, this oxidizing solution
was applied every ten minutes for one hour. When retesting a tube, the
solution was applied every five minutes for 20 minutes. Once a tube
was coated, it was rinsed with distilled water. Also, with steam, an
insert was placed in the tube to enhance the internal heat-transfer
coefficient. The reason for this procedure is explained later in this

chapter. The insert was placed in the same position for every tube (see
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Figure 3.6) Since the large- and medium-diameter tubes had the same
inside diameter, the same insert was placed in them.

When the tube was ready for testing, it was installed in the test
section. Installation took approximately five minutes. The tap water
supply to the water sump was opened and the pumps were started. An
initial flow rate of 20 percent was set and a visual inspection for leaks
at the fittings was conducted. The boiler control panel was energized
and the system was brought up to operating temperature by adjusting
the boiler input power, adjusting cooling water flow to the secondary
condenser, and operating the vacuum system. The procedures for
placing this system in operation were outlined by Poole [Ref. 8].

The removal of non-condensing gases was vital to ensure reliable
and consistent results. The Gibbs-Dalton ideal gas mixture relations,
together with the measured vapor temperature and the temperature
corresponding to the measured pressure, were used to compute the
non-condensing gas (believed to be air) concentration. The computed
non-condensing gas molar concentrations were found to be +0.5 per-
cent. This reveals a non-condensing gas concentration which is zero to
within the accuracy of the measurements. Once a tube had been
installed in the apparatus, the purge system was operated successfully
to remove all non-condensing gases before storing any data. When
testing with steam, the vacuum system was in operation with the inlet
valve opened fully for low pressure and opened slightly for atmo-

spheric pressure. Georgiadis [Ref. 5] found that operating the vacuum
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pump did not alter experimental results but maintained filmwise con-
densation conditions longer.

The output of the vapor thermocouple, which was continuously
displayed on the voltmeter, was used in obtaining and maintaining the
system temperature (hence pressure). Once the operating tempera-
ture was established, sample data were taken to check for non-con-
densing gases and desired vapor velocity. For example, if the vapor
velocity was below the desired value, the boiler power and the flow to
the secondary condenser cooling water were increased. Table 4.1

shows a list of operating conditions for each fluid.

TABLE 4.1
OPERATING CONDITIONS

Fluid Thermocouple  Temperature  Pressure
(microvolts) (°C) (mm Hg)
R-113 1977 48 765
Steam 1977 48 85
Steam 4280 100 765
Ethylene Glycol 5400 128 62

For each data run, the steady-state condition was maintained for
about 30 minutes before any taking of data. At each data point, the
test-tube cooling water flow rate was manually entered. When R-113
was the working fluid, data were taken at cooling water velocities
given by 20, 26, 35, 45, 54, 62, 70, 80, and 20 percent flow rates. For
these tubes, the 80 percent flow rate resulted in a cooling water

velocity of about 4.4 m/s. The same data points were taken for the
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medium- and large-diameter tubes using steam as the working fluid.
The insert in the small-diameter tube would not allow flow rates above
70 percent; therefore, for this tube with steam, the flow rates were
adjusted to 20, 26, 33, 40, 47, 54, 61, 66, and 20 percent. The 66
percent flow rate resulted in a 6.5 m/s water velocity through the
tubes. The coolant temperature rise decreases with increasing water
velocity, thus increasing the uncertainties associated with this tem-
perature measurement.

Preliminary tests with ethylene glycol indicated that sub-cooled
boiling was occurring inside the tube. An attempt was made to lower
the operating pressure of the system to decrease the vapor tempera-
ture. However, at very low operating pressures, the boiling of the
ethylene glycol was very explosive and the system pressure fluctua-
tions were excessive so that the operation was considered unsafe. A
combination of decreasing operating pressure and using larger flow
rates through the test tube was used to prevent the internal boiling.
The operating pressure was lowered to 62.2 mm Hg, which resulted in
a saturation temperature of 128° C. At this set point, the system still
had small fluctuations in pressure due to some explosive boiling. The
flow rates used for ethylene glycol were 30, 38, 45, 52, 60, 65, 70,
80, and 30 percent. The small-diameter tubes did not have sufficient
cooling water capacity to prevent cooling water from boiling and
therefore were not tested. Again, the coolant temperature rise
decreases with increasing water velocity, thus increasing the uncer-

tainties associated with this temperature measurement. Therefore,
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owing to the larger velocities involved, the data for ethylene glycol are

expected to be less reliable than for the other two fluids.

B. DATA REDUCTION PROCEDURES
1. Background
The total resistance to heat transfer from the vapor to the
tube cooling water consists of the sum of the vapor-side, wall, and

inside resistances, as shown in Figure 4.2.

Vapor-side

Inside
Resistance

Figure 4.1 Resistance to Heat Transfer

The vapor-side and inside resistances were convective in nature, and
therefore the resistances could be expressed by the reciprocal of the

respective heat-transfer coefficient and surface area product.

1
R =+——, 4.1
! h,A' ( )
and
1
- .2
Rv-lo’o . (4.2)

43




where

A,=sD(L+Ln, +L,m,), (4.3)
and
A ,=1D,L , (4.4)
Dr = root diameter (m)
R; = inside resistance (m2 - K/W),

Ry = vapor-side resistance (m2 - K/W),
h; = inside heat-transfer coefficient (W/m?2 - K),

h, = outside heat-transfer coefficient (W/m?2 - K),
A; = effective inside area (m2)!,

= outside area (m?2),
L = length of exposed tube (133 mm),

L; = length of inlet portion of tube in nylon bushing (m),
Lp = length of outlet portion of tube in nylon bushing (m),
n1 = fin efficiency for inlet portion of tube,
nz2 = fin efficiency for outlet portion of tube.
The wall resistance was easily computed from the thermal conductiv-

ity of copper and the inside and outside diameters.

1The axial heat conduction into the inlet and outlet insulated
portions of the tube were accounted for by computing the associated
fin efficiencies. For this purpose, the extended-fin assumption was
used.
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R,=D,——*L, (4.5)

Ry = wall resistance (m2 - K/W),
km = thermal conductivity of copper (W/m - K).

This equation assumes that the heat flux was radial through the tube
walls.

Combining Equations 4.1, 4.2, and 4.5, the overall thermal

resistance can be expressed as:

4} 0— o“ "o f | [} (46)

In order to compute the overall heat-transfer coefficient, the
heat-transfer rate must be found. The heat-transfer rate may be com-
puted by measuring the inlet and outlet test tube cooling water tem-
peratures and computing the properties of the cooling water at its
average temperature. The test tube cooling water inlet and outlet tem-
peratures were measured by quartz thermometers and a ten-junction
thermopile. The quartz thermometer readings were used in the com-
putation of the log-mean-temperature difference (Equation 1.2) and in

the heat-transfer rate below:

Q=mc AT, (4.7)
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where

m=pA.v, (4.8)

m = mass flow rate (kg/s),

cp = specific heat at constant pressure (J/kg - K),

AT = cooling water temperature rise (K),

Pc = test tube bulk cooling water density (kg/m3),
Ac = cross-sectional area of test tube (m2),

v = test tube average cooling water velocity (m/s).

Once the heat transfer rate is determined by Equation 4.7,
the value can be substituted into Equation 1.2 to determine the overall
heat-transfer coefficient. The determination of the inside and outside
coefficients are the only two values still unknown in Equation 4.6.

2. Modified Wilson Plot Technique

In general, the outside resistance should be minimized if the
measurements are performed only for the inside. Similarly, the inside
resistance should be minimized if the primary concern is the outside
heat-transfer coefficient. However, the modified Wilson plot technique
provides both inside and outside coefficients simultaneously. With this
method, in order to maximize accuracy, the inside and outside resis-
tances should be made as equal as possible. Therefore, it was neces-
sary to use an insert to boost the inside coefficient when steam was
the working fluid.

The modified Wilson plot technique requires that the form of
both inside and outside coefficients be known. During this study.
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Sieder-Tate-type and Nusselt-type equations were used to represent

the inside and outside, respectively.

k IJ G.14
- Kemespo (] o0, 1.9
D, Hw
where
ke = thermal conductivity of cooling water (W/m - K),
Ci = Sieder-Tate-type coefficient,
Re = Reynolds number,

Pr = Prandtl number.

He = dynamic viscosity of cooling water at bulk temperature

(N - s/m?),
Hw = dynamic viscosity cooling water at inner wall temperature
(N - s/m2),
and
3 25
S L. wio
u,D,AT, ’
where
o = dimensionless coefficient,

hfg = specific enthalpy of vaporization (J/kg),

>
e
[+ -3

n

average temperature difference across condensate film (K),
1 = dynamic viscosity of condensate (N - s/m?2).
By substituting the Nusselt- and the Sieder-Tate-type equa-
tions into Equation 4.6 and rearranging, the following is derived:
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1 _ __AF 1
[U R, ~CoA*a (4.11)

This equation is in linear form and has two unknowns: C; and a. By

allowing:
v=[L_R (4.12)
U, T )
AF
X AQ (4.13)
1 .
Commr (4.14)
and
-1 (4.15)
*=b.
Equation 4.11 reduces to:
Y =mX + b. (4.16)

Even though it is not readily evident, the calculation of Q and
F requires that C;y and a be known because of fluid property variations
with temperature. Therefore, an iterative process was necessary to
compute these values. To begin this process, a value of 2.5 was
assumed for a and values of 0.071 and 0.028 were used for C; with and
without an insert, respectively. New values for C; and a were calcu-

lated by performing a least-squares fit using Equation 4.16. This

48




process was repeated until consecutive values of both C; and a agreed
within +0.1 percent.

Once the Sieder-Tate-type coefficient was computed, the
inside heat-transfer coefficient was determined using Equation 4.9.
With the inside and overall heat-transfer coefficients computed, the

outside coefficient was easily determined.

(4.17)

Notice that any error in computing the inside coefficient will be car-
ried over into the value of the outside coefficient.

Following the Nusselt theory, the experimental data can be
expressed and be fitted using a least-squares analysis of the data with

the following form:

n

q=aAT (4.18)
The heat flux can also be written as hAT, resulting in the following:
h =aAT"” (4.19)

According to the Nusselt theory, n = 0.75. Therefore, n was set to 0.75
in this investigation so that the enhancement ratio {(based on constant

vapor-side temperature drop) can be expressed as:

(4.20)
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where the f and s refer to finned and smooth tubes, respectively. By

keeping the average temperature drop across the condensate film the

same for the finned and smooth tube, the values of Fyr and Fg are equal.

Therefore, Equation 4.20 becomes:

AT O,

€

(4.21)

To obtain the enhancement ratio at constant heat flux, the

following development was used:

q=h AT, =h,AT,

(4.22)
Therefore,
_h,| _ar,
€a=h,] T AT, (4.23)
q q
From Equation 4.18 with n = 0.75
0.75 0.75
(AT, " =a,AT, (4.24)
therefore
1.33
AT, a
=3t (4.25)
f s
and
. _[3]133
17ia, (4.26)
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From Equations 4.20 and 4.26, it is clear that

€q=[€0r]" (4.27)

Notice that with the above development, both €4 and e st are inde-
pendent of q and AT.

As shown by Equation 4.10, the effect of tube diameter
appears in the value of F, and therefore a is independent of the tube
diameter and theoretically should not vary. Equation 4.11 shows a as
the inverse of the y-intercept with values of X and Y dependent on F.
Experimentally determined values of o for smooth tubes may differ
slightly from one tube to another. However, only one smooth tube
(having a diameter of 19.05 mm, Table 3.1) was available during this
study and the a found for this tube (tube #1) was used in computing

enhancements.

C. MODIFICATIONS TO PROGRAM
The program used by Zebrowski [Ref. 12] was modified for this
investigation. The modifications incorporated are:

1. The tube diameters (both inside and outside} were made
variables.

2. Functions that compute fluid properties were extended to
include ethylene glycol.

3. Calibrations were included to account for the viscous dissipation
from the insert and the mixing chamber for the small-diameter
tubes.

The ethylene glycol used in this study was 99 percent pure with a

range of 194° to 200° C for the normal boiling point. Therefore, it was
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not possible to compute the non-condensing gas concentrations accu-

rately from the experiential measurements described previously.
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V. RESULTS AND DISCUSSION

A. INTRODUCTION

Experimental data were taken as described in Chapter IV. Some
tubes were tested at least twice to show repeatability of the apparatus
used during this investigation. If two tests did not result in outside
heat-transfer coefficients within =5 percent, a third set of data was
taken on the same tube. Figures 5.1, 5.2, 5.3, and 5.4 show the
repeatability of data for all three test fluids. As shown in Figure 5.1,
data for R-113 show repeatability within +3 percent for tubes 1 and
18. Similarly, Figure 5.2 shows repeatability for tube 11 with steam to
be within +7 percent. This repeatability was typical of all the medium-
and large-diameter tubes with steam. However, poor repeatability with
the small-diameter tubes (tube 5) with steam is shown in Figure 5.3.
The variation is significantly larger at +12 percent. As seen in Figure
5.4, two different runs of ethylene glycol with tube 19 yielded con-
densing heat-transfer coefficients which agree within +5 percent.

Owing to time constraints, a method of recognizing good results
without necessarily repeating all data runs needed to be devised. When
taking data, the flow rate in the test tube was gradually increased from
a minimum to a maximum percent and a last set of data was taken
again at the minimum flow rate. It was felt that a comparison of the

heat-transfer coefficient for the first and last data sets was a good
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indication of the quality of the data. If the comparison showed an
increase in the coefficient from start to finish, dropwise condensation
could have been responsible. Similarly, a decrease in the coefficient
could have been caused by an in-leak of non-condensing gases (when
operating at low pressure), and by the generation of gases within the
boiler owing to the decomposition of the working fluid. As stated in
Chapter IV, the modified Wilson plot technique computed the Sieder-
Tate-type coefficient by using a linear least-squares fit to the data and
taking the reciprocal of the slope. If the plot of the data did not
resemble a good straight line (Figure 5.5), the data run was discarded.

B. INSIDE HEAT-TRANSFER COEFFICIENT

Table 5.1 lists the Sieder-Tate-type >coefficients (Ci) computed for
all tubes with each of the working fluids. As discussed earlier in Chap-
ter IV, large- and medium-diameter tube families shared the same
insert, while a different insert was used for the small tubes. Further,
inserts were used only when steam was the working fluid. For this
reason, C;values were computed separately for the small-diameter
tubes. As can be seen, the modified Wilson plot technique gives
slightly different C; values for different tubes. For example,for a given
family of tubes, the inside diameter was identical and Cj should be the
same. However, as shown in this table, C; for steam (low pressure)
varies between 0.048 and 0.051. This variation of six percent was
within the expected uncertainty from the modified Wilson plot tech-

nique. Since the large and the medium tubes have identical internal
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TABLE 5.1
SUMMARY OF SIEDER-TATE-TYPE COEFFICIENTS

Working Fluid Ethylene

Tube s(mm) R-113 LP Steam Atm Steam Glycol
Smooth tube
1 - 0.0278 0.0679 0.0663 0.0318
Small tubes
2 0.25 0.0279 0.0494 0.0509 -
3 0.5 0.0269 0.0505 0.0575 -
4 1.0 0.0281 0.0507 0.0513 -
5 1.5 0.0309 0.0481 0.0485 -
6 2.0 0.0395 0.0505 0.0482 -
7 4.0 0.0309 0.0505 0.0513 -
Medium tubes
8 0.25 0.0341 0.0695 0.0689 0.0394
9 0.5 0.0258 0.0671 0.0642 0.0431
10 1.0 0.0286 - - 0.0285
11 1.5 0.0282 0.0669 0.0677 0.0368
12 2.0 0.0273 0.0667 0.0671 0.0319
13 4.0 0.0274 0.091 0.0671 0.0299
Large tubes
14 0.25 0.0359 0.0626 0.0668 0.0425
15 0.5 0.0279 0.0632 0.0624 0.0350
16 1.0 0.0317 0.0636 0.0684 0.0336
17 1.5 0.0303 0.0631 0.0687 0.0327
18 2.0 0.0301 0.0666 0.0679 0.0318
19 4.0 0.0302 0.0668 0.0678 0.035
GMC tube
20 1.0 .0293 - 0.0513 -
Working Fluid
R-113 0.030 1£0.002 (All tubes)
LP Steam 0.051 +£0.003 (Small tubes)
Atm Steam 0.066 +0.002 (Medium and large tubes)
Ethylene Glycol 0.035 +0.005 (Medium and large tubes)
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geometries, theoretically they should have the same C; value. In order
to obtain the outside heat-transfer coefficient in a consistent manner,
the average C; values were computed and are shown at the bottom of
Table 5.1.

For R-113, the average Sieder-Tate-type coefficient was computed
to be 0.030 +0.002. As seen in Table 5.1, for steam at atmospheric and
low-pressure conditions, nearly the same Sieder-Tate-type coefficient
was obtained. Coefficients for the medium and large tubes gave an
average value of 0.066 +0.002. The small-diameter tubes (with a dif-
ferent insert) gave an average value of 0.051 +0.003 for the Sieder-
Tate-type coefficient.

With ethylene glycol (no insert), the large and medium tubes gave
an average Sieder-Tate-type coefficient of 0.035 +0.005. Unfortunately,
it was impossible to prevent subcooled boiling inside the small tubes
with ethylene glycol. Notice that, as discussed by Masuda and Rose
[Ref. 3], the extent of subcooled boiling changes with the water veloc-
ity. For this situation, it was not possible to represent the inside heat-
transfer coefficient successfully by a single function as needed for the
modified Wilson plot technique. Therefore, the testing of small tubes
was discontinued for this working fluid.

C. OUTSIDE HEAT-TRANSFER COEFFICIENT
1. Repeatability with Previous NPS Data
Figure 5.6 shows the repeatability of the present outside heat-

traiisfer cocilicient for R-113 as compared with those of Zebrowski
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[Ref. 12]. This figure shows excellent repeatability, within +3 percent
for five of the medium tubes (tubes 1, 9, 10, 11, 12, and 13). Similarly,
Figures 5.7 and 5.8 show repeatability for steam under low-pressure
and atmospheric conditions, respectively, with those of Lester [Ref.
13]. It is evident that the maximum disagreement in the outside coef-
ficient is about 6 percent. Figures 5.9 and 5.10 demonstrate repeata-
bility with results from Georgiadis [Ref. 5] with steam as the working
fluid. This comparison shows a disagreement of up to ten percent in
the outside heat-transfer coefficient.

Notice that on these figures, and all other similar figures,
curves through the data are drawn. These curves represent a least-

squares fit according to the equation:

qQ =aAT (5.1)

2. Outside Heat-Transfer Coefficient for R-113

Figures 5.11 through 5.13 show the variation of the outside
heat-transfer coefficient for R-113 versus the vapor-side temperature
drop for the small, medium and large tubes. On each figure, the curves
are identified by the tube number (see Table 3.1 for the corresponding
fin spacings). Notice that the relative position of each tube remains the
same, regardless of the tube diameter, with the exception of the 0.25
mm fin spacing tubes (tubes 2 and 8). As shown by the uncertainty
bands in Figure 5.11, the uncertainty of the data decreases with the
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Figure 5.11 R-113 Heat-Transfer Coefficients
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increasing vapor temperature drop. Increasing the cooling water flow
rates increases the temperature drop, and thereby diminishes the
uncertainties. This is true for all fluids tested.

The data shown in these three figures are repeated in Table
5.2 in the form of the vapor-side enhancement ratios, € at. For com-
parison purposes, this table also lists the area enhancement and the
condensate retention angle for each tube. The area enhancement is
the ratio of the total surface area of the finned tube to the smooth tube.
It is evident that the heat-transfer enhancement ratio generally
increases with decreasing fin spacing (except for the 0.25 mm spac-
ing). This trend is easily explained by the increasing area enhance-
ment with decreasing fin spacing. However, as discussed in Chapter II,
a decreased fin spacing also has a deleterious effect owing to the
increased condensate retention angle (see Table 5.2). These retention
angles were computed from Equation 2.6. Information given in Table
5.2 is also shown graphically in Figure 5.14. This figure shows that, for
a given fin spacing, the large-diameter tube gave the best performance
while the medium-diameter tube gave the poorest, with the exception
of the 0.25 fin spacing. This figure also shows the uncertainty bands
for enhancements predicted (see Appendix B for details) for typical R-
113 data. As seen in Figure 5.14, the enhancements for each family lie
within or very close to the uncertainty band. Although the uncertainty
casts doubt on the relative position of the enhancements displayed on

Figure 5.14, it is important to recall the excellent repeatability with
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TABLE 5.2
SUMMARY OF R-113

Fin Area Retention Heat Transfer
Spacing Enhancement Angle! Enhancement
Tubes (mm) (degrees) (eaD
Small tubes
2 0.25 2.85 180 4.5
3 0.5 2.54 180 5.2
4 1.0 2.15 156 4.8
5 1.5 1.93 106 4.5
6 2.0 1.77 87 4.0
7 4.0 1.46 59 2.8
Medium Tubes
8 0.25 2.77 79 4.7
9 0.5 2.47 54 5.2
10 1.0 2.10 37 4.4
11 1.5 1.88 30 4.4
12 2.0 1.74 26 3.7
13 4.0 1.44 18 2.7
Large Tubes
14 0.25 2.73 69 5.3
15 0.5 2.44 47 5.6
16 1.0 2.08 33 5.0
17 1.5 1.86 27 4.9
18 2.0 1.72 23 4.5
19 4.0 1.43 16 2.9
GMC Tube
20 1.0 3.47 43 6.3

1 Calculated using Equation 2.6.
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Figure 5.14 Enhancements for R-113

73




the R-113 data. Notice that among the tubes tested, the tube diameter
has no effect on the optimum fin spacing, which is between 0.25 mm
and 0.50 mm, but it does influence the magnitude of the enhancement
ratio.

For the small-diameter tubes (Figure 5.11 and Table 5.2),
tube 2 (0.25 mm spacing) was outperformed by tube 4 (1.0 mm spac-
ing). As the diameter is increased from one tube family to another, the
enhancement for the 0.25 mm tube overtakes the enhancement of the
1.0 mm tube. In the medium-diameter tubes, the 0.25 mm tube
(tube8) performs slightly better than the 1.0 mm (tube 10). This trend
continues into the large-diameter family, where tube 14 (0.25 mm
spacing) outperformed tube 16 (1.0 mm spacing) by a larger magni-
tude. As seen in Table 5.2, the trend is consistent with the decreasing
condensate retention angle. Comparing the retention angles for the
small to large tubes reveal that the condensate retention angle
decreases by 30 degrees for the 0.25 mm and only 20 degrees for the
1.0 mm tube. Therefore, as the diameter increases from small to large,
the unflooded area for tubes with a 0.25 mm fin spacing increases
much more than that for the tubes with a 1.0 mm fin spacing.

Tests with the QMC tube resulted in an enhancement ratio
(for constant vapor-side temperature drop) of 6.3. As summarized
graphically by Masuda and Rose [Ref. 3], the 1.0 mm QMC tube as
tested by Yau, et al. [Ref. 4], with a 0.7 m/s vapor velocity, had approx-
imately an enhancement of 6.4. Thus, the agreement between these

two independent investigations is excellent.
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3. Outside Heat-Transfer Coefficient for Steam

Figures 5.15 through 5.20 show the variation of the outside
heat-transfer coefficient for steam for the small-, medium-, and large-
diameter tubes. These figures were constructed in the same manner
as those for R-113. Notice, as with R-113, the uncertainty is much
greater for the low flow rates (Figure 5.18). As the difference between
the vapor temperature and outside wall temperature decreases, the
uncertainty increases. The large-diameter tubes have the greatest
uncertainties (see Appendix B) due to the very low temperature
difference. Owing to this low temperature difference and associated
large uncertainty, the reprocessed data for the large-diameter tubes
with an average C;, listed in Table 5.1, was not well-correlated by
Equation 5.1, which uses an exponent of 0.75 on the vapor to wall
temperature difference.! A summary of the vapor-side enhancements,
retention angles, and the area enhancements are located in Tables 5.3
and 5.4.

Enhancement versus fin spacing for steam at low-pressure
conditions is shown in Figure 5.21. Using Equation 2.6, the fin spacing
at which each tube diameter becomes fully flooded was computed and

indicated on the figure by a vertical line. Notice that the

1 A least squares fit of the data using Equation 5.1 but allowing a
different exponent yielded exponents of 0.45 and 0.61 for the large
diameter tubes at low-pressure and atmosphere conditions,
respectively.

75




SO

®)
| | 1 1 1 ]
= 4 N
-l
=
g~
8gd <
LnAC N
& o0 ™ A
0
o 40 %
) ~ I
35
£ & 0
00 ¥ > -
--:(.. v
% 0 g
s o &
B &>
- 1
L 4 I o
in 8 in Q in Q
< <t m M 4} N

M epw/ M5 2%y

Figure 5.15 Steam Heat-Transfer Coefficients for
Small-Diameter Tubes at Low-Pressure Conditions

76




Q
1 T I T 1 N
i . 2
SZ82 0o~
b~ <
00
mm
= o
Lwne ~
< 0 N 0
h}
g 2 |
=] o 0
| = .3 _ do F
oo2> v
. .E:;..
X 0 O
50 S
)
B &> *
P
1 | | | | 0
@) 0 @] 0 @) (0] 0
(8] in < m N -

M W/ MMy /%y

Figure 5.16 Steam Heat-Transfer Coefficients for
Medium-Diameter Tubes at Low-Pressure Conditions

77




| | 1 1 L1 d 1
Q n Q n 0 in ) in Q n
© in n < < m m 0N N s

M zw/MM> /°yY

Figure 5.17 Steam Heat-Transfer Coefficients for
Large-Diameter Tubes at Low-Pressure Conditions

78

(Te=Two? 7K




60

| | - 1 1
Jdo
- n)
=t
- g8 o» '*g
g 8735
S%o <
NN - ~
g
-4 = 18
-5 -6 I
(S 0
0L > -
£ 57 v
M v o
ts D A
oL g @]
B A > v BEY
- S 40
N ot~ 8 -
f—
| | 1 | 1 0
O Q Q Q Q 0
o N g m 4V L

M /M3 /9y

Figure 5.18 Steam Heat-Transfer Coefficients for
Sm-ll-Diameter Tubes at Atmospheric Conditions

79




- — - — — 0
T T T T T(o
v 2t~
.§ TN "Moo — %8
=)
L) z &
@)
— -1
in
¢
00 <
o
8 v $
g 83
“SQC _4%) X
Nns = <$ ,\\
2
8 2 ¢ Ik
=2
EN :
[-}]
- 857 18 ©
Z ®» B
e ©
Oeﬂ
Ba > > /+
P
B + 49
P
é i/
. |
. 1 . L L . _Jdo
v
9] ®) @) o 9]
<t m Y] —

M ~sw/ MM /%y

Figure 5.19 Steam Heat-Transfer Coefficients for
Medium-Diameter Tubes at Atmospheric Conditions

80




-
I
l
-
—1
35

18
14,15,19

3
2 d
S ke
|

/,

25

(Tg—Two? /K

1 ] | 1

65

1
0 in Q n o)
© n in < <

o

35
30
25

W/ MM /Y

Figure 5.20 Steam Heat-Transfer Coefficients for
Large-Diameter Tubes at Atmospheric Conditions

81




TABLE 5.3

SUMMARY OF STEAM ENHANCEMENTS
AT LOW-PRESSURE CONDITIONS

Fin Area Retention Heat Transfer
Spacing Enhancement Angle! Enhancement
Tubes (mm) (degrees) {eaD
Small tubes
2 0.25 2.85 180 2.1
3 0.5 2.54 180 2.0
4 1.0 2.15 156 2.3
5 1.5 1.93 106 2.0
6 2.0 1.77 87 2.2
7 4.0 1.46 59 2.1
Medium Tubes
8 0.25 2.77 180 1.9
9 0.5 2.47 180 1.8
10 1.0 2.10 109 -
11 1.5 1.88 84 2.6
12 2.0 1.74 71 2.5
13 4.0 1.44 48 2.4
Large Tubes
14 0.25 2.73 180 2.2
15 0.5 2.44 180 1.8
16 1.0 2.08 92 2.5
17 1.5 1.86 72 3.0
18 2.0 1.72 61 2.5
19 4.0 1.43 42 2.5

1 Calculated using Equation 2.6.
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TABLE 5.4

SUMMARY OF STEAM ENHANCEMENTS
AT ATMOSPHERIC CONDITIONS

Fin Area Retention Heat Transfer
Spacing Enhancement Angle! Enhancement

Tubes (mm) (degrees) (eaD
Small tubes

2 0.25 2.85 180 3.1

3 0.5 2.54 180 2.8

4 1.0 2.15 134 24

5 1.5 1.93 97 2.3

6 2.0 1.77 81 2.5

7 4.0 1.46 55 2.2

Medium Tubes

8 0.25 2.77 180 2.4

9 0.5 2.47 180 2.2

10 1.0 2.10 100 -

11 1.5 1.88 78 2.9

12 2.0 1.74 66 2.7

13 4.0 1.44 45 2.3
Large Tubes

14 0.25 2.73 180 2.7

. 15 0.5 2.44 147 2.4

16 1.0 2.08 85 2.8

17 1.5 1.86 67 3.1

18 2.0 1.72 57 3.0

19 4.0 1.43 40 2.9
@GMC Tubes

20 1.0 3.47 124 3.6

1 Calculated using Equation 2.6.
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small-diameter tube becomes fully flooded at a spacing just under
1.0 mm. Medium- and large-diameter tubes become fully flooded at a
spacing of approximately 0.5 mm. In the fully flooded region,
enhancement was expected to increase as the fin spacing decreased.
Once a tube is fully flooded. any further decrease in fin spacing should
replace the flooding condensate with tube material and result in a
greater performance. This trend is seen in the medium- and large-
diameter tubes. Figure 5.21 indicates that, for small-diameter tubes.
the enhancement in the fully flooded region appears to be more com-
plicated than simply replacing condensate with tube material.

For partially flooded tubes. the change in diameter from
medium to large did not affect the optimum fin spacing (1.5 mm).
However. the small-diameter tube exhibited an optimum fin spacing
close to 2.0 mm. Furthermore, for partially flooded tubes, Figure 5.21
shows that. for a given fin spacing. the large-diameter tube gave the
best performance while the small-diameter tube gave the poorest
performance.

Figure 5.22 displays the enhancement for steam at atmo-
spheric conditions. Again, the vertical lines indicate the fin spacing at
which the tube becomes fully flooded. Large increasing enhancements
are shown to the left of the fully flooded lines (decreasing fin spacing).
As with the low-pressure conditions, the optimum fin spacing is
1.5 nun for the medium- and large-diameter tubes, while a 2.0 mm

optimum fin spacing is shown for the small-diameter tube. The
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Figure 5.22 Enhancements for Steam at Atmospheric Conditions
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optimum fin spacing for the medium-diameter tube, in both low-
pressure and atmospheric conditions, agrees with Georgiadis. The
order of enhancement from least to greatest is small, medium, and
large.

The QMC tube is shown in Figure 5.22 to have an enhance-
ment of 3.5. This is far larger than the measured enhancement of only
2.2 obtained at Queen Mary College [Ref. 3]. Marto [Ref. 30] pointed
out in his review paper that there was an unexpected inconsistency
between the NPS obtained data and the Queen Mary College obtained
data for R-113 and steam. He found that for R-113. Queen Mary Col-
lege data [Ref. 3] were higher than the NPS data (Zebrowski [Ref. 12]).
As pointed out earlier in this thesis, for R-113, the present results
with the QMC tube (this investigation) are in excellent agreement with
the data obtained at Queen Mary College. Marto [Ref. 30] also pointed
out that for the steam at atmospheric pressure, the data taken at
Queen Mary College were less than the data taken a NPS. However, for
steam, the result of this thesis for the enhancement of the QMC tube
was much larger than the data for the NPS tubes. This indicates a con-
sistent trend for R-113 and steam when comparing the performance
of tubes 4 and 20. The reasons for the inconsistent trend of the Queen
Mary College data are not known at present. Further investigation and

communication is needed to solve this discrepancy.
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4. Outside Heat-Transfer Coefficient for Ethylene Glycol

Figures 5.23 through 5.24 display the variation of the outside
heat-transfer coefficient with the vapor-side temperature drop for the
medium- and large-diameter tubes. These figures were constructed in
the same manner as the R-113 figures. The relative position of each
tube remained unchanged for each diameter. The uncertainties for the
ethylene glycol are associated with the standard deviation of experi-
mental values of C;. Even though the uncertainty of the ethylene glycol
data is as high as the large-diameter steam data, Figures 5.23 and 5.24
show good agreement with the least squares fit of Equation 5.1. As
shown in Figures 5.23 and 5.24, the medium tube slightly outper-
formed the large tube. This is contradictory to the trends of R-113
and steam. As shown in Figure 5.25, the difference in enhancement
between the medium- and large-diameter tubes is within the uncer-
tainty band, and, therefore, the large-diameter tubes could possibly
have the better enhancement. In either case, the performance of the
two tube families is approximately the same. A summary of the vapor-
side enhancements, retention angles, and area enhancements is
located in Table 5.5. The change in diameter from medium to large
did not affect the optimum fin spacing of 1.0 mm for the tubes tested.
This optimum fin spacing agrees with Masuda and Rose [Ref. 3].

D. SUMMARY OF RESULTS
The literature discussed in Chapter II indicated that an increase

in root diameter will decrease the condensate retention angle, and,
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TABLE 5.5
SUMMARY OF ETHYLENE GLYCOL ENHANCEMENTS

Fin Area Retention Heat Transfer
Spacing Enhancement Angle! Enhancement
Tubes (mm) (degrees) (eam
Medium Tubes
8 0.25 2.77 180 1.3
9 0.5 2.47 102 2.3
10 1.0 2.10 66 2.6
11 1.5 1.88 53 2.3
12 2.0 1.74 46 2.1
13 4.0 1.44 32 1.6
Large Tubes
14 0.25 2.73 151 1.5
15 0.5 2.44 86 2.2
16 1.0 2.08 58 2.5
17 1.5 1.86 47 2.3
18 2.0 1.72 40 2.0
19 4.0 1.43 28 1.7

1 Calculated using Equation 2.6.
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therefore, a clear trend of increasing enhancement from small- to
large-diameter tubes was expected. R-113 had similar enhancements
for the small- and medium-diameter tubes, while the ethylene glycol
had similar enhancements for the medium and large. The possibility of
competing effects exists with a change in root diameter. For the large-
diameter tubes. condensate must flow along a longer path length from
the top to the bottom of the tube. This longer path length yields a
larger average film thickness in the unflooded portion of the tube
when compared with a small tube. This degrades the performance in
the unflooded portion of the large-diameter tube when compared to a
small-diameter tube. The significance of this effect depends on fluid
properties such as thermal conductivity, viscosity, and surface tension

and warrants further study.
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Vi. CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

lc

Within the range of diameters tested, the effect of root diameter
on the vapor- side coefficient was small. Results indicate that two
or more competing mechanisms may exist while increasing the
root diameter.

With the exception of the small-diameter tubes with steam, the
optimum fin spacing was near 0.5. 1.0, and 1.5 mm for R-113,
ethylene giycol, and steam respectively.

3 The opumum fin spacing for the small-diameter tube with steam

was approximately 2.0 mm.

With the exception of the small-diameter tube with steam, a
change in diameter did not effect the optimum fin spacing for
each test fluid.

The data presented with this investigation supports the findings
:(ngul research at NPS. Variations previous data for R-113
steam were within 3 percent and 110 percent. respectively.

6 The comparison of the enhancements for the QMC tube was out-

standing for R-113. while the steam comparison exhibited a large
discrepancy.

B. RECOMMENDATIONS

's

Relesll the families of tubes to verify trends observed for ethylene

2. Manufacture a new tube with the same dimensions as tube 10

using the same company that manufactured the original tubes.

3. Manufacture smooth tubes of small and large diameters. Compare

the values obtained of a for these small and large smooth tubes
with the value of a for the medium tube.

4. Manufacture additional tubes to include more fin spacings. espe-

cially in the vicinity of the fully flooded condition.
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. Operate the apparatus with methanol or ethanol as working flu-
ids. In addition to having low boiling temperatures and good wet-
ting characteristics, these fluids have approximately the same
surface-tension to density ratio as ethylene glycol.

. Increase the cooling water flow rates through the test tube to
minimize uncertainties in vapor-side heat-transfer coefficients.

. Modify the apparatus with a controller for the auxiliary condenser
cooling water. Once the equilibrium set temperature is obtained,
the controller can be placed in operation to maintain the set
temperature.

Provide a cooling water sump and pump for the auxiliary con-

denser. The present tap water system is very susceptible to pres-
sure fluctuations in the building.
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APPENDIX A
RAW DATA

Table A.1 contains names of raw data files with corresponding

tube number. Actual raw data files follow table.

TABLE A.1
SUMMARY OF RAW DATA FILES

Working Fluid

Tube R-113 LP Steam Atm Steam Ethylene Glycol

Smooth tube

1 RMTH1 M1STV117 SMTHSTAG5 MI1EGV37
Small tubes

2 S1RA13 S1STV104 S1STA105 -

3 S2RA123 S2STV98 S2STA99 -

4 S3RAI1lS S3STV95 S3STA96 -

5 S4RA17 S4STV74 S4STA100 -

6 S5RA18 S5STV93 S5STA94 -

7 S6RA19 S6STV89 S6STA91
Medium tubes

8 MA1RA117 M1ASTV87 MI1ASTASS MI1AEGV45

9 M4RAO1 M4STV84 M4STAS85 M4EGV39

10 M5RA02A - - M5EGV34

11 M6RAO3A M6STV54 MG6STASS M6EGV40

12 M7RA04 M7STV80 M7STAS81 M7EGV41

13 M8RAO5 M8STV77 MS8STA78 MS8EGV42
Large tubes

14 L1RAOS L1STV72 L1STA73 L1EG53

15 L2RA11 L2STV70 L2STA71 L2EG46

16 L3RA12 L3STV68 L3STA69 L3EGS51

17 LARAO7 1LASTV67 LASTA66 L4AEGS50

18 L5RA09 L5STV61 L5STAG62 L5EG48

19 L6RA130 L6STV56 L6STAS57 L6EG47
GQMC tube

20 QIRA20 - Q@STA106 -
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s
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g5 4€ 55
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o 4% EC
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A

48.473
48.490

F.le Nare: SEETVET
Frescsyre Jorditicr: VUscaum
Stear velozit,: 2.C tmoe
Cz+a Vie Tirm Tout Ts
% 'woE ' o W
1 2.Co 23.18 28.2 45.456
2 <.QE 2Z.18 25.2¢ 48,45
3 Z.ES 2.2.94 24.72 4E.45
4 2.Ea Z2.94 24.72 48.47
3 S.210 22.g@ 24,38 45.48
3 I ~l.E0Q 24 .28 48.52
7 I.82 Z2.E8 ~4.08 4 .51
g J.C¢ 22.B6S 24.07 48 .52
S 4.6% Z2.E! =3.87 48.4¢%
' 4.8C 2.8 2I.87 48.4¢
: c.zZ ZI2.E8 23,7 48.43
[ £.22 2Z.55 ZZ.ES 4t .50
. £.85% 22,48 2Z.54 4 .S
Té .E2 Zl.4% 23.5¢ 46,45
tE £.47 22.46 IZ.45 48.44
Pe £.47 22.48 2IZ.4% 4E .45
- Z.QE ZZ.1E o5.23 45.47
z Z.¢%c RO °&8. 2k 45.4%5
Fiie hame: SEZTvzS
Fress,re Conoitior: Uazuum
Lres~ elzzit, .2 m s
R S Tar Tout Te
b v o= < XY {
.22 “l.E: -4 . EC 4% .47
z S =t .&.BS 48 .44
z s co.35 24.20 42,47
4 .64 -Z.IB Za,Z¢ 48.4%
= LB <Z.'8 23.52 45,47
= 1] <l.18 23,72 45. 46
7 .46 22.07 ~3.36 48.49
45 22.e7 22.2% 48 .52
22 21.9 2312 48.44
21.5
2.8
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2

Frry B s on M M (AN & & Pt Esrdr

1

!

[ 1,92 22.94 48.42
13 BT }.EE 22.e: 48.48
14 &7 2i.ee 22,83 4E .49
! .84 22.¢4 23.22 45.44
PE .94 Il.ea ZZ.22 4E.48%
e ce L 24,72 48,78
15 LGE Zo.82 24,72 45,42
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Fiie Naws:
Fressyre (ora
Stear eloz.ot
Uata Jw
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4 1.48
5 1,87
& 1.87
7 Z.561%
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re .4z
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1z 3,86
T4 s .8E
s 4.40
18 4,30
17 YU
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Fraccyre Jcocro
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< .6
z 1.4¢8
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48.4§
48.44
48.41
48.44
45.47
45.48
4€.45
48,45
48.43
4% .,43
49,45
46,47
45,48
4F .47
42,44
4g.4%
48.47
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az,48
4% .46
48.4C
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Fiie Name: MSETV54
Fressyre (croytiorn: (acuum
tteam Lelccoity: 2.8 «mrgy
. Jats Vi Tir Taut Ts
& (s (L o (C:
! 1.1E 23.12 28.59 48.40
z 1,18 2312 25.58 48.43
3 V.48 o2.82 25.10 48,328
4 1.48 22.82 2c.1@ 46 .44
=) 1,87 22.73 24,6 48.45
B 1,87 22.732 24 €2 4€ .41
7 2.51 22.88 24.2 48.37
5 2.5 22.5S 24.2 46.43
g .99 20.51 24.03 48.47
MY -.8% 22.5¢ 24,03 48.5!
1 Z.42 2Z.44 22.84 48,47
12 .40 ~2.4a Z2.84 48 .4¢
P2 3.EE 22.328 2.7 48 .33
s Z.EE 22.3¢8 23.7e 45.45
IS 4,73 22.34 .3.54 42.41
£ 4.25 22.324 23.54 48 .47
e K 2i.es 2S.5¢€ 45.83
12 1L1E Z3.0¢ ZE.87 4E .47
Fiie Nare: MTITEe
Fressu~e Conartilcn: Jacuum
Stezr Jeiszity: 2.8 o~ osd
etz Vie Tin Tout Ts
b4 omoe oL ¢ 0 tL
i TLIE 22.9¢ 25.44 48.43
- TL1E 22.8¢8 25.4C 4€ .52
z (-3 22,77 24,83 45.40Q
4 1.4% 22.77 24.82 48.40
£ 1,87 22.8¢9 24.4% 48.51
) 1.87 22.59 24.45 48.48
7 2.51 c2.46 24.10 48.41
g Z.%1 22.48 24.10 48.38
g 2.99 <2.328 23,87 48.44
19 2.9S% 22.38 22.86 48 .43
11 3.42 22,32 23.70 48.43
12 Z.42 o232 Z2Z.E9 48.43
13 Z.8E 22.28 23.5% 48.40
14 J.88 22.28 23.588 48,40
1€ 4.40 20.22 23.40 48.46
g 4,42 az.22 2Z2.3¢ 48.7
17 118 23.00 Z5.44 4€ .43
12 1,18 2Z.ee 25.44 3€.45

101




File Name: MBSTVTY
Fressure Condition: Vacuum
Steam Velocity: 2. (m/s!
Ceta Vw Tin Tout Ts
4 (m/s} Q3 (C) (L
1 1.18 o3. 1 25.55 48,37
z 1.16 2311 25.56 48.54
z 1.48 22.80 25.04 48.41
4 1,48 22.99 25.04 48.40
5 1,87 22.7 24.56 48.48
B 1.97 20,7 24 .56 48.48
7 2.51 22.58 24.18 48,52
e} Z.51 22.58 24,18 48 .45
) 2.89 22.49 23.94 48.46
1Q z.8¢ 22.45 22.54 45.49
1 5.4°2 22,42 23.74 48.43
1z Z.4Z 22.43 23.75 48 .4E
1z 3.E& Z2.38 23.60 48.51
14 Z.8E ZI.28 23.58 48 .48
15 4,35 =l.IZ 22.43 45,434
1€ 4.25 KNG 23.42 4€ .44
i7 1,18 23.0% 25.4¢ 4% .46
E i, 1B 22.05 25.48 4E .45
File Name: MISTUIRZ
Freszsure Conditionr: Vacuum
Stear Velocoity: 2.8 (m/s)
Date Viw Tin Tout Ts
b4 PR L (C. {(C
i 1.8 IR ~4.87 45.48
z 1. 1e 2212 24.86 4E8.44
z 1.48 22.92 24 .41 45.4¢
4 1.48€ 22.92 24.41 48.44
5 1.86 22.7%9 24,26 45.48
& 1.8t 22.78 24.07 48. 48
7 o.24 22.89 23.81 48.44
8 2.2 22.6¢ 23.81 48 .44
9 2.61 22.82 23.62 48.47
1@ 2.61 22.82 23.62 48.48
11 2.99 22.586 23.48 48.38
2 2.99 Z2.56 23.46 48.40
13 3.37 22.5! 23.323 48.53
14 3.37 22.51 23.34 48.43
15 2.64 22.4¢ 23.26 4E.45
16 J.64 22.47 22.28 4€ .44
17 1,1E 23.16 24,91 48.51
1g 1,18 ~3.18 24,82 48,45
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F:le Name: L5STVED
Fressure (ondition: Vacuum

Steam Veliocrty! 2.2 (mis:
Cata Y Tin Tout Ts
& (m, 57 Ly (Lo (CH
! 1. 1E 2Z.04 25.50 48,54
< 1.18 23.04 25.51 48.46
3 1.48 22.85 25.01 48.41
4 1.48 22.84 25.01 48.48
g 1.87 2C.67 24 .56 48.42
& 1.87 22.€8 24.57 48.43
7 2.51 22,88 24.21 48.48
g Z.51 22.54 24,21 48. 46
9 2.99 22,47 23.9¢8 48.38
1% 2.5%8 22,47 23.98 45 .45
1y 3.42 22,40 23.82 48.48
I 3.42 Z2.040 23.82 4E.40
Y3 Z.BE Z0.3E 23.87 48.48
14 3.Ez oz.2k 22.87 45.34
=) 4.25 o203 23.52 4E.44
te 4,23 2202 23.51 48 .52
P 1.6 23.e7 28.83 45.472
1% PLIE 2.2t 25.88 48,45
File Nawe: LEETVSE
Frezzg e Cordition: Yacuum
tream Lelicgcity 2.8 (mos
lzta Vi Tir Tout 5
z £ o i C
: L5 23,48 ZC.8BE 45,51
z ".i6  L3.46 28,87 48.48
3 1,48 2327 25.4¢ 48 .46
4 1.45 I.27 25.29 4% .41
= 1,387 2319 24.96 48.3
E 1.87 23.10 -4.96 48.490
7 .51 22.98 24.82 48.41
£ o.51 22.9¢€ 24.863 48.37
9 2.93 22.91 24.41 48.44
1@ Z.99 22.82 2 2 48.50
11 3.42 22.87 24.2 48.43
i 3.42 22.87 24.26 48.48
1z I.E5 22.82 24,12 48.46
14 3.85 22.83 24.12 48.44
15 4.7 22.79 23.98 48 .42
ig 4.723 20.7¢ 27.8¢ A2 .48
te TL1E 27088 2B A% .48
s .16 ZI.cE 26.0C 4C .44
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Fiie Name: _IITVEE

Fressure Congiticorni Vatuum

Steam \Velocitv: 2.¢ 'mis

Cata Vw Tir Tout Ts
$ LM s (C v C {CH

AN 25.74 48.44
7S 42 .29
48.43
CT 25.2%8 4€.4¢
48 .46
48,45
22.85 c4.453 43.48
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8 2.51 Z2.85 24.48 48.52
g Z.33 2277 24.27 48.48
1@ 2.5% e 24.27 4% .44
11 .42 22,7 - D 45,45
12 Z.4Z .M Z4.32 48.54
1z J.8% 22.%8 ZZ.87 4c.41
14 Z.te 2l.8% -7.98 4E.493
18 4.2 OUPR-R 22.B83 4t .50
1€ 4,28 Z2.e! 2Z.84 45.54
i 1.6 ~IVIE 25.82 4k . 4o
12 LK _Z.I% ZE.El 42 .47
File have LASTUET
Frescsure {corziticr: Vacoum
Steam VeizToit L. ris
Cata L Tinm Tout s
b LA . C Qo (g
' 1.1E 23.08 =S.72 48,473
Z 1,16 22,25 ZZ5.74 42.45%
2 1,48 27.e3 25,30 48 .4¢%
4 1.45 22.e9 2E.Zce 48.4%
= 1,87 22,581 24,86 48. 4%
6 1.87 2.9 Z4 86 48.4%
7 2.5 22.78 24 .52 48.45
€ Z.51 22.79 24.53 45 .48
9 .99 2.7 24,31 48.42
18 .99 22.7¢C 24.31 45 .45
1 3.42 2C.65 24.15 48.43
12 Z.42 °2.B6 24,186 45.432
13 Z.85 <2.61 24,01 45.472
14 3.85 22.b61% 24,01 48 .49
15 4,39 2l.5E ZZ.88 48.45
1€ 4.9 ~I.56 ZZ.EE 48,45
17 tL1E cZ.Id 2E.z4 48.41
1s 118 2232 CELES 48 .5¢
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Fiie Name:
Fressure Congiticnr:
Steam Velocity:

Datea Vw Tin
% (m/57 (L
l 1.16 21.63
z 1.1€ 21.832
z 1.49 21.43
4 1.49 21.43
5 1.87 21.2
& 1.87 21,2
7 2.5 21,13
& 2.61 21,13
g 2.02 21.@5

1% .00 21.85
V1 S.4Z 21.00

12 I.4Z ~r.ee
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15 4,49 -9.51
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1T 1.6 oV.7e

15 RS 2r.Te

Fiie Namre

Fressure Lonpiticor:

Ctearm Velooit,

Uatea Vw Tir
% ~ e £,
i 1,16 22.37
z = 22,38
z .4z 27.18
4 1.48 23.18
5 1.97 22.02
e .97 23.02
7 2.51 22.91
g .51 2.9
3 2.988 22.83

10 2.99 22.83

11 3.42 22.78

1z 2.42 2.7
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File hame: SZ5TRS3E
Fraczyre Coroition: Séimcepreric
Jreav veioniiy! 1.8 iwrg)

-

Yo

. Data Vw

z tme «C (o
. 1 2.0 23.37 30.89 88.87
c 2.0k e5.28 30.82 100.02
2 -~.E3 23.21 29.587 89.97
4 2.584 23.20 ~S9.5E 99.97
S .23 o3.2¢E 28.54 100.03
& 2.3 22.08 28.E3 120.00
- 3.8¢ 22.85 ~7.89 100.00
& 3.9 22.98 27.81 100.04
2 4.ES 2.8z 27.23 g99.c49
te &€ Z2.E2 2T.24 §9.56
T .22 22.z¢ Ze.78 102.04
[ €.z oIl.s¢E 2E.TT 100.00C
z £.53¢ 2.8l <E.4C 1pe.el
K £.33 Zl.22 JE.4C 9%.9%
< £.47 cl.eC JEL1E 92,99
*E £.47 ey o2 1E 182.¢1
- <. 2I.5 3¢.68 1@C. ¢
1 Z.8 2Z.E Ig.Te Q.
F.ie fave S4TTAIZE
Creaceyre (zrditiczr: Atmcsphe-icC
Steavr vellzut 1,3 '~ ¢
Jacta . Tsr Tout Te
b4 ~ e ' L (S
: z I 25.93 93.9¢%
l £ I By <2.682 10C.e2
z 4 23,0 c8.TE 39.9¢
4 M oZ.eC cETT 102.¢7

Z2LET 27.84 102.01
Z2.EE 27.E4 100.01
22.7¢ 27.18 100.03
22,78 27.2 100.04
o.M 2e. 7 93.93
Jope 26.7 100.00
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= a A -1 25.78 100.02
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File Nare: MIASTABE
Fressuyre {orgition: Atmospheric
Stear Lelotity 1.€ imrg:

fata Vu Tir Tout Ts
b4 (M. g 0 «Ch C

1 1,16 22,73 30.49 99. 56
N 1,16 22,72 3@.49 99, 9¢
3 1.4¢8 22.53 29.19 100.91
4 1.4 22.83 25.18 100.03
g 1,87  2I1.34 27.95  10€.00 '
& '.87 c2.324 27.95 95.99
- Z.5! 20,0 27.0¢t 10¢.00
€ 2.8 22,21 27.06€ 100.02
S 3.e9 212 26.47 88,83
¢ J.a¢ ORI e <E.4E 92,88
e I.432 2287 o6. 01 898,85
te Z.47 -2.07 oE.Q1 8g.a¢
iz .28 ol.el 2S.B4 100.0!
g Z.es ~-.&C JS.B4 120.0)
‘s 4,42 ZiLUET o827 §8.g¢°
‘g Ay 2,37 28,27 19e.2!
2T HI 2077 Ie.47 §3.¢¢t
'z ‘b e Ze.4¢€ 1eC.e¢
Fiie Nha~e: M4STAES
Feaen e [oIrmzZiticr! AtmIEphe~C
Toes~ Lelzzity: 1.0 tm e
Taca \ - Tur Tout Te
’ e g .47 190,08
l JiE 2o.eT Id.4¢ §%. 94
z t,4z 22.8¢ 2§8.24 102.0¢
5 'L AR 2= ~3.l4 192.04
s - .7 o£.2% 100.e2
€ ',a" 2.7 2€.05 100.04
K 2.5 e .58 27.20 99.98
] Z.5 22,87 T8 99,98
E 2.96 “o.5C 26.64 958,87
s 2.93 2-.5¢ 26.64 100.0!
1N 2,82 P ¥ | “£.C4 100.Q1
12 2.4 ~l.4a Zg.2¢ 99.83
1z e -1 oo .4 28.82 100.02
) -1 22.4Q <€.8:l 100. 01
15 4,49 2.2 <E.S¢k 190.2)
*E 4,49 o2l -e.e” 10¢.0¢
e 't <I.'¢ J2.¢° §s.¢¢
- ‘e cloiw Z¢.8 1¢e.¢
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File Name: MBITATE
Fressure Conogition: Atmospherac
Stearm Velczity: 1.@ «mis:
. bata Vw Tinm Tout Ts
b4 imoe (C (C) «C

5 23.e7 3@.89 839.9¢8
) 23.07 3e.70 89.89
2

85.98
102.01

SN
[

w

3

w
MBS
50 S

99.88

SR ¢ 2 TN p T SN WY I % I

HN
1.
1.
i
}
i .2 99.398
2.5 22.85 27.32 95,99
5 2.51 22.55 7.33 99.99
5 2.38 22.48 26.74 95.94
1@ Z.g8 22,48 26.74 99.97
T 3.4C 22,39 o6.31 39.993
12 5.43 22.24 28.31 99.96
2 Z.86 20,34 25.8¢ 99.35
P4 Z.EE 2c.34 25.8% 19€.032
= 4,47 ~C.28 25.5¢ 100.00
18 4,40 Zo.08 25.5& 93.88
v 116 23.83 3e.74 99.87
Te 1,16 cZ.2s e 72 100.0C
File Nare: SMTHITAESD
Fressure {cnrndition: Atmcsoheric
Stear velgoity: 1.8 (mrsgy
Lzta Vi Tir Tout Te
- (v, & oo v t
: Ve ZZL00 Z£. 22 122.01
- PLlE PR 28.30 35. G2
z 1,48 2.3 T2 8.5¢
4 1.4% 20.8: 27,28 8%.99
IS V.87 o272 -5.28 102.00
& 1,57 22.72 CE.2E 89.96
7 2.5 22.58 28.5832 89.35
& 2.51 22.56¢ 25.84 9g.9¢
5 -.89 22.49 25,07 89.96
1R 2.8% 2o .45 25.05 99.99
11 3.42 22.43 24,71 99,39
iz Z.42 20,43 24.72 9%.98
1I I.E8 22,38 24,44 89.9¢
14 I.85 _o.37 24.43 100.062
12 4,49 22,72 24.14 89.56
ig 4.4C 2.2 ~4.14 1@ .02
T LPRES ORI 4 cELO 83.5¢%
12 e RGN ~E.2%3 gc. 87

[-—
[
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File Name: LISTARTS
Pressure Condgdition: Atmospheric
Steam Uelocity! 1.@ (mss)
Date Vi Tin Tout Ts
b4 {mis) (Lo (C)H (C
1 1,k 21,88 28.90 99,4919
2 1,18 21.86 29.88 100.02
3 1.48 21.87 28.64 99.99
4 1.49 21.87 28.64 100.04
5 1.97 21.50 27.45 99,97
B 1.97 21.502 27.45 100.e5
7 2.51 21.38 26.59 88.87
8 2.51 21.3¢8 26.60 100.02
9 z.00 21.31 26.082 99.98
19 2.00 1.3 26.03 100.01
1 2.42 o1.27 25.61 102.00
12 3.42 21,27 25.81 100.@32
12 3.858 21.22 25.25 93.9%
14 Z.8¢8 2i1.23 25.25 895.86
15 4,40 21,18 24.85 100.@1
16 4,40 J1L1E 24.85 102.8¢
17 1.1k 21.587 Z0.eQ 10¢.¢1
15 1.1 21.§7 Je¢.e0 19C.2¢
File Name: 25TA71
Frecssure Lorng:ition: Atmospher:c
Stearm veloc:tiv: T.€ {mren
Dats Vuw Tim Tout Ts
& (M. e Co (T (L)
! TL1E 2Z.81 31.35 85.57
z 1.16 <Z.BZ 21,28 EER=]
z 1,48 22.ES 30.24 10¢.01
4 1,48 23.65 3e.04 99,37
5 1.87 2I.5¢2 25,18 100.00
E 1.37 23.50 25.1¢€ 399.9¢
7 2.561 23.39 28.41 89.99
g Z.51 23.409 28.42 100.@1
9 2.98 23.24 27.90 100.03
10 .99 22.34 <7.9Q 99.99
11 3.42 23.30 27.51 100.0C2
12 Z.42 23,31 27.51 8959.9¢
12 3,85 23.27 27.18 102.01
14 Z.E5 23.27 AR B = 899.99
15 4,25 23.23 ~6.8Z 99,99
& 4.28 22,22 °£.82 99.95
i P18 <4.05 1B 93.57
1£ YLUIE 28,24 Z1,6! 899.49¢g
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File Nare: LI2ZTAES
Freesuyre Ccornditicr: Atmospher:ic
Steam velocity: 1.e im, e
- Lata Vw Tin Tou Ts
¥ {(m s L £y {Cy
1 1.1E 22.52 Z1.6E 85.93
Z TL1E 27 .82 Zr . EBE gg8.¢"”
3 1.48 23.33 Q.24 8G.858
a 1.4% 23.22 3€.34 8%.9¢8
g 1,87 23,15 2812 93,98
=) 1,37 23,18 °5.12 98.9¢
7 z.51t 22.e2 -£.24 93. 98
g .S 2Z2.0: 2B.24 §59.96
c .53 22.85 27.85 28,94
Ve 2,85 _C.34 .7.ES 9%.8¢
1 Z.4C SCLES 2T.2z2 100.01
ic Z.aC _2.ES 7.l 95.57
P2 J.EE o2.54 2E.8E 95,95
P4 Z.ES o2,z ~E.&E 85.96
1g 4,75 o278 JE.4z 85.3%
tE 4,238 22,78 CE.47 i@e.oe
17 i E -Z.8s Ii.e7 83.3¢
1z LRSS ~I.58 Sr.ET 1¢C.G¢
File Nare LAETHREE
Frezgsure {:zrgditiom: Atmosphberic
Stezm o velizoit LS M, e
Datsz Ve Tin Tout Te
b4 I C C .
i HEE Z2.el Ji.15 86, 9%
- TU1E ZC.EZ 1B 53,85
z V.bE Zl.ELC 23.7¢ 859,36
L .4z 22,82 29.7¢ 88, 4¢
g 1.87 20,44 ~£.5¢ 39.95
5 1.37 22.44 «2.58 100.00
7 .51 =2.31 27.7@ 85.83
] .51 2.2 27.70 8939.95
8 2.00 22.23 27013 99.9¢
10 .00 22,23 =713 100.01

(&3]
B
1
ra
(5]
o

26.B8 98.97

12 Z.42 2. 1E <6.863 102.0!
13 3.€6E 22,13 2E.3C 99.9%
14 Z.BE 220132 Q.32 83.87
1c 4.40 22.05 <5.83 §99.83
15 4.40 22.e¢e 2€.83 102.¢1
17 1,18 A o KR e §§.8¢
= s ZZ.ES It 82.9¢
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File Nawve: LSSTABL
Fressure Cond:tion: Atmospheric
Siear Velzcity: 1.0 «m/ig
Data Vw Tirn Tout Ts -
im.os) CH oy (¢

1 1,18 24,32 32.45 95.98 .
Z Tl 24.34 32.47 99.96

3 i.48 24,15 31,17 85,98

4 1.48 24.15 31,17 §9.94

S 1.87 23.98 29.49 88.9%5

& 1.87 22.986 3¢.00 1982.083

7 2.5@ 22.86 29.12 98.98

& 2.52 23.86 29.132 89.85

3 2.99 23.78 28.55 99.96

'@ ~.99 23.78 28.56 939,95

1 3.42 23.74 25.132 100.00

V2 3.4Z 23.74 28.14 §559.96

13 3.EE CZ2.88 27.77 9g8.39

14 Z.BE ~2.865 27.78 839,85

15 4,35 ZZ.24 27.27 89.86

1E 4,32 22.84 27.38 855.95

t7 R 24.47 32.51 55, 3%

ig tLULE 24,43 2.8 102.0:2

.

File Name: LESTAST
Fressure Cond:tion: Aimcspherac
Steem velgoity: .8 (m/s .
Date Vw Tin Tout Ts

3 VI C O (C»

] .16 .5.e¢ Il.58 95.97

2 1,15 25,17 33.186 39.96

z 1,16 25.20 33.19 99.89

4 1.4° 25.05 31.83 85,97

5 1.4 25.28 31.8¢8 25.89

& 1.3€ 25.0! 3¢.9¢ 88,95

7 1.86 25.02 30.9¢ 959.98

[S) <.58 24 .81 3.7 89.93

g 2.5@ 24.92 30.07 88.89

1@ 2.98 24.87 25.54 88.94

1l 2.98 24,87 29.54 99.95

12 3.41 24 .82 29.18 856,568

13 2.41 24.83 29.15 99.96 .
14 J.64 24,80 26.82 95.96

18 2.84 c4.75% 26.862 10¢.02

18 4,38 ~4.7% 28,48 99.98

17 4.38 Zi.74 28,45 99,98 )
18 1L E 25.5 3IZ.48 39.9¢
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Fiie Name: SI1RAIT
Prezsure Condition: Atmospheric
vapor velocity: .e5 (misy
Data Vw Tin Tout Ts
b3 (mig (Cce (Co (Co
| <c.e7 21,15 21.8¢ 48.48
2 c.07 21.15 21.98 48 .49
3 Z.64 2@.83 21.83 48.48
4 2.64 20.593 21.63 48.50
s 2.5! 20.75 21.30 48.44
g Z.51 20.75 21.39 48 .48
7 4.47 -@.64 21.09 48,52
g 4,47 20.64 21.@58 48 .52
9 C.Z4 20.57 20,85 48.42
1 £.Z24 2e.587 20.55 48,40
i £.10 2e.Ee2 20.85 45.49
12 6.1¢ 2@.52 2Q.€5 40,47
12 £.87 20.48 2¢.77 45.48
14 &.87 20,48 20.77 45.48
1z 7.84 2¢.44 20.6%8 48.45%
1E 7.B4 20.42 20.68 48 .59
17 2.87 21,18 -2.e 46.50
15 -.e7 21,16 22.22 48.4%
File Name: CIFEAIZZ
F#regsesure Com-dition: Atmospheric
Vapeor Velooit 258 ims
Dats Vo Tim Toot Ts
b g Iy (o ¢
i 2.ev IVLET CoLWET 45,41
P 2.€7 1.7 co.57 4€ .41
z S 21,47 Zo.Z2 48.42
4 2.E4 Z1.47 ao.22 48 4%
5 I.51 21,29 21.50 48.472
B Z.54% 21.29 21.9@ 48 .41
7 4.47 2117 21.87 48,45
& 4,47 2.7 21.E7 48,45
9 .33 1.1 a1.82 48 .48
10 5.32 21,10 21,83 46.44
1 E.10 21.04 21.42 48,48
12 E.102 21.05 21.43 48,44
12 6.87 21.0@ 21,33 48,44
14 £.£7 21.00 21,34 48.44
15 7.82 20.96 21,24 4g .42
ts 7,82 20,98 oy, 24 4E .44
i Z.av S1.B¢& 22.5¢8 4€.44
T g . 21.6% 22.8¢ 4€ .44

115




116

File Name: SIRALE
Fressure Conoition: Atmospher:c
Vapor Velocity: .25 Mgy
Jata Vuw T Tout Ts
b {m/s ( (L2 (C7
1 2.ev 21.57 22,45 48.44
2 .87 21,57 22.46 48. 46
3 2.64 21.37 2.1 48.51
4 2.54 21,37 220N 48.50
5 .51 1.2 21.78 48.58
g Z.51 21.202 21.78 48 .60
7 4,47 21.08 21.58 48.587
8 4.47 21.08 21.56 48 .55
8 5.33 21 ! 21.4% 48.53
12 §.ZIZ 2. e R g.87
iR B 1@ 2@.9¢ SEICE 45 .52
12 E.1¢ 20.°%¢t SR A 4% 52
13 £.87 2@¢.32 21,23 45,48
id £.E7 2@.8C ARG 48 .48
15 782 2¢.8% REIRY:! 48 .47
1E TLED 2@, 8¢ P 45.44
17 Z.e7 21,84 -2.82 45.94
1& 2.e" ~l.gs -C.532 4%, 9%
1 teme: SARALT
rescsure Cormditaicon tmosphe-ac
Veptr Velozity T oMy
Can Vw Tinm Tout Ts
¥ feig Ce tC Ch
1 Z.eE 21,87 c2.78 48,41
z Z.08 21.55 22,78 48,47
z -.E2 21,78 Z2.25 48.44
4 Z.&4 -r.ve ZC.3E 4.4
= .5 21.45 Z2.03 48.40
E 2.81 21.4¢ 22,032 48.36
7 4,47 21.22 21.7E 48.3
g 4,47 21,32 21.76 48,28
9 .22 2118 21.88 48.51
e .33 21,18 21.588 48.42
' E.1Q 21.08 21.25 4¢.30
- E.1@ 21,8 o1.ZE 48.76
3 E.ET 22.94 ORI 42.70
4 £.87 2@.52 .ol 45.27
e 7.83 2@.E5 2i.@5 46.55
'E TLET Z@L &S 21, 0¢ 48 .40
P 2.e7 21,58 22.I7 4% .55
4 AN _1LEC ooViT 4% .75




7 20.64 2e.8e:2 48.61
.83 20.58 20.74 48,34
.82 =¢.59 20.74 48.332
.e7 21.24 Z1.924 48.58
27 21,25 21.594 4E . BE
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Fiie Naws: SSRATS
Fressu-e Cordition: Atmospherac
vapor JVerocrt .25 (m/g)
Data U Tinm Tout Ts
% im/s) (G (€2 (€7
1 2.7 21.22 22.00 48.48
Z 2.e7 21.2¢ 22.00 48 .48
3 2.64 21.0¢ 21.66 48.54
4 2.E4 21.e1 21.66 48,53
5 3.51 2@.82 21.33 48.48
= Z.581 2e.82 21.23 48.51
7 4. .47 2e.71 21,12 48.42
g 4.47 2.7 21.12 48.43
9 .24 2@.83 20.87 48 .43
12 5.34 2@.832 2¢.97 48 .45
11 E.10 20.58 20.87 48.43
12 £.12 2¢.558 20.87 48,472
i3 E.€7 2¢.54 2@.79 48.40
14 £.&7 20.54 2¢.€¢ 48 .44
15 TLEZ 20.58@ 2@.71 48,36
1€ 7.82 2¢.5¢ 2e.71 48,38
T 2.e7 o1.Ca cz.e2 48.61
[RS 2,07 ~1.24 z2.2C 48 .55
File MNams: S6F&193
Fresgu~s (onoit:iorn: Atmospherac
Lapor Jelootity 2% (mis;
Tats Vi Tir Tout Ts
t moe C C «C
! <.e" T1.47 22.03 45.40
Z =.e7 21.46 22.07 48 .41
z c.Ga 2.0 21.70 45.42
4 2.84 27,21 21.70 48,42
= 3.5 2@¢.98 21.38 48.39
E 2.5 20.9¢ 21.36 48,35
7 4.47 20.83 2,13 48.37
g 4.47 20.83 21.14 48.4!
9 £.33 20.75 21.00 48.48
19 5.33 2@.75 21.00 48.50
T g.10@ 20@.€5 20.9¢ 48 .85
12 £.10 2B.BS 20.92 48 .B%
1z E.&7 20.64 20.82 48.56
&.
7
o




File Neme:
Prescsure
Viapor Velocity:

Data
b4

W - M s ol =

[~

-4 OV (1 &= ) FY —

[e ¢}

{m/

LVE

B N N VI SV SUIE AR SURN VI X T N e SO

Condition:

w

s’

.16

)

.49
.48
.93
.98
.52
.52
.o
.oe
.44
.44

L7

« S

~

.87
-
L4

&

15

File Name:

Fressure Ccond:
r Uelocity:

Vaoco

SO U s ) -

a ~1 N & W) - 8§ w

R e 2 ~ N SV 3 I SV SN S I N [ 6 B o B ]
. . . -

.4

T:

n

(C

20.
.81
A
.30
L
20.
.02
20.
15,

3
<

-
&

2
“

k]
<

~
N\

1Q

15,
.88

1 =)

-

13

-

13,
19.
18.

=
~
-
=

51

11

20
93
94
£8

52
83

50
5@

e

7@

tion:

Tin

T2r1r3 DM MMM PN PR

e cem ch ek ko oA as A s s A b ek o

0 — — FI M

oM Mmoo

— - omam

MERARE
Atmospheric

.25 (m/s

Tout
()

20.20
28.2¢
20.20
2e.ce
20.15
2e.15
21.4¢
AR

TRRATTT
tvospher ic

-5 imoen

PR

2Z.60
2Z.E1
.30
.30
.93
.00
.79
.79
.BE
.BE
.56
.55
.48
.49
.41
LA

J e s 4 LS L L D Ao

22.87

118

Ts

(C)

48.
48.
48.
.58
48.
.55

48

48

48,
48.
48,
.47
48,
48.
48,
48.
.BE
48.
48,
4€.

48

48

4z

45

g5
1Y)
56

54

48

bl
<

50

=0
&2
=

£7

58

5&
48
4E

42
48.
48.
48,
48,
4g,
48,
48,
48.
43,
48,
48.
48,
48,
48,
48.

4%,

4%
43
44
46
48
48
44
43
43
a4
4z

42
43
44
42

bl

.-




File Name:
Fressure Conditicon:
Laror Velocity:

Cata
b

S b U ry) -

SN s S - ) D (D

ew a A e eh e

m

Vager v

vsta

T e@mmaume s

—
r

Ul

ut

m

mn -

Vw
{mss

B e e
= 13T 0 W T M

fd ) T 1) = = e e e e

o N U o H

2.44

™5y
IR
1,18
1,48
1,49
1,87
1.97
2.82
2.82
2.00
Z.00
3.44
I.44
2.87
2.87
4.4

4,81

P16
1,1E

20.37
20.37
28.18
20.18
19.96
19,96
18.83
18.€3
19.74
13,74
15.682
15,868
15.&4
19,84
18.EQ
18.EC
20.28

22.3¢
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MERARZA
Atmospheric
25 um/s
Tout Ts
(C (g
21,28 48.54
21.28 48.54
20.94 48.53
2@.85 486.51
20.60 48.39
20.61 48 .39
20.37 46.34
20.27 45,32
2@.22 48 .40
2e.22 48 .46
20.12 48 .51
Ze.12 48.54
20.24 48 .58
2e.02 48 .55
1€.95 48 .56
18,95 43.56
21.28 45 .52
o1.28 4%.60
MTRAB4
Atmospherac
L2C imrgs
Tout Ts
tC O
S1LEC 48 .55
o' LBl 48 .54
21,47 48.53
21.4E 45.54
21.14 48 .47
2113 48.44
20.88 48.5)
22.89 48,583
20.71 45.54
20.71 48.58
2Q.60 48.56
2e.c0 48 .55
-0.5¢ 48.61
20.50 48 .62
20.40 48.50
2¢.402 4g .57
21,68 4¢ .49
Z'.BE 48 .57




F.ie hKame.
Fressyre {zonZ:

tionm:

vare~ 'elocity

[ate

b ({m: e
1 117
- 1,17
3z 1.49
a 1.4%
5 1.98
3 1,98
T 2.E2
g Z.82
9 .00
19 .o
* X.4tE
12 z.4¢g
3 >.E8
14 Z.EtL
‘e 2,32
1E 4.4z
17 ,_1",'
iz 1.7
File hamae:
Freee_re (onz:
Jagcr elczity
etz Ve
b4 ~ s
i 137
z 1,49
4 1.4¢S
5 1.38
g 1.98
7 ~.52
€ 2.82
] .o
10 J.e
I 3.44
12 2.44
12 2.88
14 I.E8
15 4,42
1€ 4.47
17 tovT

-

19,18
18.1€
18.54
1€.84
18.75

1€.

-
74

1E.581%
8.6
16.82
1g€.E32
18.47
15.47
186.47
16,42
ig.Z32
12,3k
18,16
15.1¢€

3

Al

tipn:

WD W Wwonun
r) B b Mm
— R

J
(=]

-

19.08
19.0&
19.0@
19.00
1€.95
18.95
18.90
16.90
18,86
1E.¢2k
16,62

19,82

MARAZ

ftvoepheryc
28 im/s
Tout

(Co

20.18
JQ.1E
19.83
19,83
15.5Q
18,49
19.25
18.25
19.1@
18.1¢
1€.38
1£.98
18.3@

te.9¢
15.81
15.€1
2C.15
e e
MSFACZA
Atmospher iz
28 omoe
Tout
ir
0.5z
i
Q.5
"50 Hi
20.28

‘9.
15.€7
19.
19.
i9.
19,
19.
13,
18,

15,31
15,22
19,22

-e.
-e.

o ora
[T I O

|
N
o

Ts
(C.

4€.47
46.47
48.45
48.44
48,34

A8
48.
48.
48.

.33
21
30
38

42,39
4E.37
4g.29
42.34
46.72
48,36
4g .56
48,51
48 4Af
Te
4k =2
4£.5°
48.7¢%
45,29

42,
48,

Ul a0 &t )il ry Ul
[Fas ol oo T ¢ o B BN RN AN

4€,
48,
4g,
ag,
48,
A€ .5
48.81
4,83
4€ .2
ag .22
4% 52
45,44




File Name: ROMTH
Fressure (onCition: Atmospheric
vasar Velocity: 28 vmrs
Jata Yuw Tin Tout Ts
(m/g) Co «C (C.
1 N A 19.74 20.07 48 .31
z 1,17 19.72 2@.06 45.22
3 1.45 19.51 19.78 48 .5¢@
3 1.48 19.50 19.78 46.55
g 1.98 18.30 19.51 48 .45
€ 1,88 19.30 19.5¢ 48.3C
7 z.82 19.14 19,31 48.60
g <.B2 19.13 19.31 48 .57
g 3. 19.04 1€.19 48.50
% RA 18.024 18.19 48 .48
1 Z.44 18.98 19,11 42 .46
* 2 3.44 1€.9¢ 19,11 48,42
* 37 z.88 18,82 19,04 48.47
14 I.8c 18,8932 19,04 48 .47
15 I.82 18,97 19.¢4 48 .43
1E 4,42 18.E7 18.87 48 45
e 4.42 18.E7 18,57 48 .52
v T 13,84 18, 3¢ 4% .58
File NRare: SMTHZ
“reseyre (ornZition: Atmospheric
Lacor Lelzc.ts LB imie
fzts= Ve Tin Tout Ts
z v C 0 C:
: PotT 15.27 2e.q17 4¢ . I8
z YT "3,832 e T 45,25
z 1.48 i5.60¢ 19,27 45.44
4 V.45 18,88 19.87 4E .45
g 1.98 19.283 19.61 48.44
(5} 1,98 19.329 19.60 48,43
7 <.E2 18,25 19.42 48.43
g .82 19.2 19,42 48 .46
g 2. 19.16 19.21 48,42
1¢ 2.01 13,16 19,21 45,48
H J.44 19.09 19,23 48.45
12 3.48 19.09 19,220 48.44
13 3.8E 19.04 13,16 48,45
1d J.BE 19.04 18,16 48.45
15 4.42 19.00 19.10 48 .48
1€ 4.47 1€,9¢% 19.1¢C 4% . 4%
. 1,7 15,78 -0.09 45,738
Ve VT 18,78 Zgc.es 48.3%
121
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Kawe: LIRAYZ
anELc.Tr: Aimospner
Tt

yt - I X
. Tats e Tin Teut
3 ‘m g O v ¢
. ! LLVE o.gz <. .88 46.44
- AN o' .82 cc.b9 4€.44
z 1,48 2.6 22.51 48.42
4 1,49 - LB hdngt -3 48.44
< .87 o1.42 o 17 45.48
3 L Iy Dl Y et i § 4€ .45
- -.5: 2v.28 21,93 48.36
5 .= - -1.93 48,35
s 3.8 it <. 8 48,45
iy J.ee Sr.at o g 45 4L
e 2,47 S 2 .ET 4z.4)
U 2.47 N £+ < .87 4€.43
' T2 st -1.5¢ 4t .48
a T i a3 4 4E.42
e s.4a0 R <1.49 4€.22
) £.40 N <" .45 4€.2¢
- L'e -t.e’ --. 88 42 .4¢€
: N 2o.e -e.SE 4€.4C
F..e Lame: LaR&al”
Frece_ce TInD.%.Cn: etmtasrer
B S TR S SO k=T Y
cets - e Tt Ts
H . s N : L
e - ol.ET 4z.44
Z .8 S --.B% 48 .43
: ) -i.E2 =2.49 48,42
) ',43 <'.E8 -c.435 48.40
5 .87 o:.33 ca.13 48.2
£ 1,87 ~1.39  22.14 49,49
B o 5! -1.22 RS -1 48.%)
¢ -3 o123 =1.88 48.5%
8 I.o ol I -',.ES 4E . A8
' 2.00 «*.2 ~'.BE 4F . AL
i 3,87 <t .28 <1.87 48.323
N 2.4 <'.08 <'.5¢ 48,39
12 z.88 -r.ee o1.48 48.38
T4 7.es8 a1, <i.48 48,35
'8 £, 4¢C 2¢.34 21,28 45,38
HE 4.4 ~C.58 <1.3% 4€. 40
T R 3 ZT.88 .7 4% . 4¢
g € J'L.E8 <2.7¢ 4% 4§

[
N
W




File Nave:
Fressure 0n
vapir velic:
Lata o
& NECURE
1 '8
- .10
3 .49
4 9
£ .97
)
irs

EEN PR T s s 4]
~ - -~ -)

AT I )

1

CYATE N 2 ) 1)

B o (6 (g i G EIP) - me or s o
1

- b QU DD D e

<,
'3
Fiie Nave:
Ereez_ re I
Az Lelc:z
Tata -
4 R
1 "'E
=z 'LE
K VL, as
4 1.42
2 1.57
€ 1,97
7 <.51
13 Z.5i
£} z.00
e 2.0
R 3.43
12 2.42
13 Z.ET
14 2.87
1S 4.4
1€ 4.4
+r - '1

_..
AN
anoar .

ra;
*

iticn!

1ty

2C.e¢

[ 3N 3 BN O

-
cQ.4k
-y -~
-t - b
- -
- l-“

7

17
21,81
se
-3
R3]
30
3e
16

¢ -

.02
€5
LR
.eC

.

e —a 4 e e s
.

tItorrratIrdtItIrIraOrA L N

) ry
)
)

48,45
46.47
48.31
4g .32
48,36
48.24
48.46
48 .45
4€ .47
48,48
4 .44
4g .44
4z .77
42 .27
4t .44
4E.44
4c .44
4. L4

-

-

oy oanr

4.
4z 44
4:.44
45,48
4E.7&
4€. 34
48.402
48.3

48.36
48,36
48 .41
48.42
46.48
45.%1
48.458
4E.4E
42.42
48,40




File Name: MIAEGVAS
Pressure Condition: Vacuum
Vapor velocity: 10.0 (m/s

. Data Vuw Tin Tout Ts
# {m/is) () CH (CH

1 1.7¢ 22.12 24.863 127.86
c 1.70 22.12 24 .65 127.88
3 2.13 22.00 24.06 127.92
4 2.13 22.00 24.07 127.81
5 Z2.51 21.92 23.71 27.93
B .51 21.92 23.71 127.9¢
7 <.89 21.87 23.44 127.87
5 2.Bs 21.87 22.45 127.88
] 3.22 21.82 23.2 127.97
‘e 3.32 21,82 IS 127.98
1 Z.85 V.7 23.03 127.94
12 3.5¢ 21.78 23.0e8 127.98
v2 S.EBE 21.77 22,98 127.93
1a Z.EE 1.7 2l..8e 127.91
135 4,42 21,73 22.79 127. 51
1€ 4.4C 2173 2z2.78 127.90
1T I 22007 24,88 127.96
TE 1.7¢ 2207 24.88 127.64

File Name: MAEGVT
Fressure Ccncaiticr: Vacuum
vagpor veliscity i 1¢.¢ tmrg)

P

Gatz U Tin Tedat Ts

H voe oo 0 o
! —_- Jr.zc Z4.52 127,81
< 2.4 i ~4.51 127.3%
z Z.ET R <4.M 127.83
4 c.57 o2 4.2 127.9
= -.83 1.2 II.8Q iZ7.92
& 2.83 o2 23.8@ 127.83
7 2.2 ot.2 23.52 27.982
€ 2.3 21,2 2Z.5¢Q 127.97
] 2.89  1.18 0 I35, 127.92
¢ J.89 2v.158  23.2% 127.99
1 3.87 TV, 23.04 127.93
12 .97 AR o 23.08 128.00
13 4.3¢ C1.08  27.e8 127.91
14 4.30 <1.es8 22.858 127.87
15 4.6 1.8 2.7 127.91
'E 4.87 2r.es 22.78 127.93
e 2. 24 21,34 24.48 127.93
1E J.lé J1.34 l4.2a 127,68




Fi1le Name: MSEGV34
Fressure Leoncdition: Vacuum
Vaper Velocity: 10.2 (m/s
Deta (SN Tin Tout Ts
$ 7 (mss) (C) (C» (C)
1 2.79 20.4E 23.23 127.79 N
2 2.78 20.45 23.22 127.79
3 201 2Q.48 22.96 127.78
4 PR 20.40 22.97 127.84
5 3.44 20.386 22.75 127.81
1) 3.44 20.386 22.74 127.85
7 3.76 20.33 22.585 127.80
8 3.78 20.33 22.5E 127.79
g 4.19 20.29 22.32 127.80
1¢ 4.19 2e.28 22.3 27.78
11 4.E3 2e.268 22.15 127.79
12 4.€3 2e.2€ 22,168 127.82
13 5.0t 20.27 21.98 127.84
14 5.¢8 2e.lz 21.88 127.82
15 c.28 2¢.21 21,87 127.80
1B £.35 Ze.2t 21.89 127,61
1 -.78 2Q.4% 25.24 127.75
1€ .75 Z@.4E 22.24 27,79
File Neme: MEEGV 4D
Fressure Conditicont Vazuum
vapor bYelocity: 16.@ (m/e - .
Late Vi Tair Tout Ts
: fwis (O (C> (Co

~a

oy 21,42 24,585 127.90
.24 <1.43 24.58 127,82
.57 21,338  24.1E 127.92
7 21.402 24,18 127.97
.83 21.326 23.88 127.87
.89 21.326 23.89 127.8E
2 c1.34 23.66 127.80
.21 21.24 22.68 127.91
.88 21.31 23.432 127.889

s 2 pbhlidltdWdlrIrMaratrytard

OV <1 N & WHF — W -3m g &ty —

1 .59 21.21 23.43 127.9
1 .97 21.2 23.24 127.85
1 .97 21.28 23.2 127.84
] .2 21.2 23.10 127.81 “
! .25 2.2 22.10 127.85
1 .67 1.2 22.86 127.91%
1 E7 1.2 22.8E 127.86b .
1 .4 ci.57 24.E5 127.92
1 .c4 21,87 24,7 127.88

126

————————




File Name:
Pressure (ondition:
Vapor Velocity:

Data
k4

RS R0 2 B 5 B0 - N UV % IE

SN I G~ DM

(32

| KT 2 T S N S~ 0 B SN T T N [ N T G I olb I o N O T 5 JO % N g}

Vw
{(m/

5)

.24
.24
.87
.57
.88
.83

21

2!
.58
.E8
.87
.97
.28
.25
.E7

- -
i

24
.24

File Name:

Freesure Cond:

Tin
(C)

[

e
e e e .
Dl

fa S O T o TR O T 0 T o T T 0 I % I 8 o I N I (U TR 0 T 8 IO '3 TN S0 B U0}

o
P

tion:

UCapor Velocity:!

o+
w

(o

Wrl = Qwom-~Jmwum s it

[$2 -3

AN |

n

\

i

LA T S TR ~ S D © NP 0 0 O G i G &N I SN TN g I o J oV I O T U AN

PII TN St N iI™m

(U4
BS I £

-1

~J 0w — — 0w

~1 -} D W )

L A

21.48
21.50
21,47
21,47
21.42
21.43
21.40
21.40
21.36
21.3E
21.33
21,23
21.31
21,3
21,29
21,28
CiL.ES
~1.EQ

M7EGV41
Vacuum

18.0 (m/s)

Tout
(G

24,35
24.386
24.00
.01
.72
.73
.48
.59
.26
.27
.06
.28
.92
.82
.75
.78
.28
.39

rJ

L T 0 T o0 T 55 T 0% TR 36 TN O TR o TN o0 T o IR AN IO o5 T A B o6 }
R N g I S 6 I 5 T 8 S8 B 68 I S SR B 63 B G YRR ST |

MBEGVLZ
Vacuum

12.2 (m/s

.
iout
s -
(g

-

P 7
- -~
paps) s
U —
223.83

23.83

¢ JL

TEA PP PRI RI TR
PYRE SR SV % N 0% B o I 25 S o6 B O B SV IR SN B SY IR SN IR X
3

2.8
£3.95

127

Ts
cH

128.00

27.97
127.87
128.03

27.96
127.99
127.96
127.88

28.01
127.99
127.98

127.89
127.93
127.97
128.08
127.95
127.97
127.87

127.97
127.98
127.92
127.91
127.92
127.94
127.99
127.96
128.02
128.020
127.84

27.90
127.81

127.93
127.93
127.92
127,38
177,50




File Name:
Fressure Condition:
Vapar Velocity:

Data
&

D -1 M B Wh) = Wm0 ¢ s~

(m

VU " S SV €Y CURR S I % B AR R a% e e

Vw
/S

.16
1B
.48
.48
.97
.97
.51
.51
.00
.ee
43
.43
.BE
.EE
.40
.42
LB
.16

Tin
(Co

SIS
3ty b

)
N b 2 B B

SRR TR S T e B o T % TG T O N o6 T 6 T 0 T oS L [N &
1 - rar

1t
oh N A%

T
F

L4353
.45
.28

28

12

L2
.01
.02
.95
.95
.91
.91
.87
LE7
.B4
.84
.57
.57

MIEGVIY
Vacuum
10.0 (mis?
Tout
«C)
25.23
25.27
24.56
24.57
23.91
23,9
23.45
23.47
23.18
2Z.14
23,20
27,00
22.85
22,85
22.ES
c2.70
25.41
25.40

128

Ts
(C)

127.78
127.82
127.85
127.83
127.78
127.78
127.82
127.83
127.84
127.82
127.8@

27.78
127.83

27.e2

27.78
127,81
127.78
127.78




File Name:

Pressure Lo
Vapor Veloc
Data 4

! 1.7¢
- 1.7@
3 2.13
4 2.13
5 2.6
g 2.5
7 2.€89
g 2.85
9 .32
e Z.32
it 3.59
12 2.5%
13 3.88
14 Z.BE
15 4,42
1g 4.40
e 1.7¢
1

m
-]
~

File Name:
Frezsure 20
Vapor Veizc
Date Vi
b e g
) 1.70
72
12
12

37
i iel
o
.58
[ o)

.93
.BE

AP
.40
.72
.79

Oy ~1 MV N A LI - QW )My -

el ST W &5 I 0 [ &V % T R S U o0 T R o N 0 TN oS R 0 B

e ma vh cem aem s o s s

=

Jr3r3 63
Jryrytrar

—m e

-
laial
Py

a2
L

- -
oo de

21
21
21
21
21

-
o

21
-

2.
21
21
o
-—

—

~=
Lk

~J rJ2r3ra
3 iy n

L2

.08
.08
.99
.59
.93
.33
.88
.E€
.85
.85

-
e

.82
.78
.78

-

s

L1EGREZ
Vacuum
1.0

Tout
(€

25.76
25.77
25.10
25.08
24.87
24.68
24,35
24.38
24.07
-4.08
23.88
23.33
23.78
23.79
23.57
23.57
25.7%9
©5.749
LIEGAE
Vacuum
1E.8 (my
Tout
<L)
2e.12
26.14
25.35
25.37
24.91
24.9
24.57
24.56
24.25
24.25
24.06
24.07
232.91
22.90
23.64
ZZ.EE
26.16
26.15

N
(m/s)

129

Ts
[

—_

[ RO I AR I S

.89
.89
.83
91

.98
.05
.98
.25
.85
.85
.99
.96
.00

-
7

.
-y
.03
.87

P

rJ

ES RN o IR I ¢ o JENE o o TR SRS Y o 6 JERNG B « o JEENS Yo < RN SRS G RS IREN

h s e ek erh ok ek aed et o A el A aea —a

L0 T 0 T O T o T o T 00 T o0 T % N o T L S0 I G T o B o |

127.97
128.12
127.99
126.06
128,07

£8.00
128.05
127.98
128.05
128.07
127.99
128.03
128.03
128.08
128.03
128.03
128.03

2e.00

————— e ——————




File Name: L3EGS!
Fressure Cong:ition: Vacuum
Vapor vVelocity: 10.0 (m/ s

W MU ) — Qo0 e -

- s et ea ot e e a —a

Vw
(m/s)

.

N WO oAU LW o U - = =) -]

QO WU U@ o0 — — U

= = WL WN W NP )

~]
[

.

-~ =
[qw BN
~ 3

JRI MMM IR
A IR R

Tout
CH

24
24
24

24

.96
.97
.82
.83

Ts
(C)H

] 1.70 22. 27.31 128.03
2 1.7@e 23. 27.35 128.03
3 2.13 23. 26.52 128.@2
4 2.13 22. 26.52 128.05
5 2.51 22. 26.06 128.01
& 2.51 22. 26.08 128.08
7 2.88 22 25.73 128.00
g Z2.88 22. 25.73 127.99
9 3.3 2Z. 25.40 128.05
10 3.3 z2. 25.40 128.03
11 3.58 Z2. 25.24 1268.04
i2 3.58 22. 25.2% 126.020
17 3.85 22. 25.08 128.04
14 Z.865 22. 25.08 127.9¢
15 4.35 22, 24,82 126.@1
1€ 4,28 22, 4,87 128.@1
17 1.7¢ 23. 27.38 127,86
1& 1.7¢ 2z 27037 Z7.87
me: LAEGSD
e C¢ t: Vacuum
‘eloz i€.@ (mre
U T Taout Te
P g (CH (C
23, 26.90@ 126.02
23, 26.97 12g.00
22 2e8.2¢2 128.8%
26.20 128.03
25.74 127.87
25,75 128.02
. 25.43 128.01
. 25.43 127.94
. 25.13 128.00
25.13 127.88

127.93
127.99
128.02
127.9¢8

24.57 127,37
22, 24.57 128.CE
23 Z7.08 26.01

<

.06

130

126.@C




File Name: LSEG4S8
Pressure Condition: Vacuum
Vagor Veloctity: 10.0 (m/s5)
Data Vuw Tin Tout Ts
b 4 {m/s) (C) (C) (C)
1 1.70 22.82 26.55 128.03
2 1.7@ 22.82 26.55 127.99
3 2.12 2Z.E9 25.81 127.83
4 2.13 22.68 25.82 127.986
5 <.51 22.62 25.38 127.98
=) 2.51 22.60 25.4@ 128.01
7 2.89 22.54 25.04 128.01
8 2.89 22.54 25.04 128.00
9 3.32 22.48 24.74 127.96
1@ 3.32 22.48 24.73 127.98
11 3.588 22.4E 24.58 128.01
12 3.59 22.4% 24.56 127.9%
13 3.86 22.43 24.43 127.97
14 Z.8€ 22.43 24.44 128.07
i5 4.39 22.39 24.18 128.00
18 4,39 22.39 24.18 127.394
17 1.72 2..84 2E.556 127.94
18 1.70 22.84 26.54 127.3¢€
File Name: LEEGAT
Fressure Condition: Vacuum
Vapor Velocity: 10.8 'mrs
Data Vw Tin Tout Ts
# imie <L (g (G
i 1.7 22.56 25.5¢ 127.5€E
z i.7¢ Z2.5¢6 25.82 128.€2
z 2.12 22.48 25.24 127.982
4 2,13 22.456 25.24 127.87
& .51 22.2% ~4.€3 127.99
B =.51 22.3% 24.81 127.94
7 2.89 22.24 24,52 127.95
8 2.8¢ 22.34 24.54 127.93
8 2.22 22.30 24.26 127.94
19 3.32 c0.3@ 24.25 127.98
11 2.59 22.27 24,08 127.96
12 Z.E9 22.27 24.10 128.03
12 5.86 02.25 22.97 127.96
14 2.6 22.28 22.97 27.87
15 4.40 22.22 23.75 127.96
16 4,40 22.22 22,75 127.93
17 1.7 oZ.87 26.00 127.54
! 1.70 ZC.E7 Z6.2: 127,96

131




File Name: QIRAZQ
Fressure Conditicn: Atmospheric
Vapor Velocity: .25 (mss)
Data Vu Tin Tout Ts .
4 {mss) (C (C» (CH

1 2.07 21.8) 22.83 48.52

2 2.07 21.61 22.83  48.54 *
3 2.64 21.43 22.9) 48.60

4 2.864 21.43 22.30 48.56

5 3.5t 21.286 21.97 48.51

5 3.51 21.2 21.986 48.54

7 4.47 21.15 21.73 48.48

8 4.47 21.185 21.73 48.42

9 5.33 21.e8 21.58 48.45

1@ 5.22 21.09 21.58 48.4)

11 6.10 21.0¢E 21.49 48.51

P2 6.1@ 21.08 21.48 48,468

13 6.87 21.82 21.4@ 48 .43

14 .87 2r.ezC 21.41 48,41

15 7,62 2@.85 21.31 438,35

1€ TL.8Z 20.88 21.31 4§.35

17 2.07 21.75% 22.76 4€.74

18 Z.e7 o I 22.786 45,77
File Name: QSTA1RE )
Pressure Condition: Atmospheric
Sieam Veliccity: 1.@ (m/s
Date Vw Tin Tout Ts

- (Mg (29 () (CH

1 .0t ZZ2.98 3@.68B 102.03

2 2.0k ZZ.986 20.68 39.9¢

3 2.64 22.77 29.48 100.0!

4 2.64 s 29.48 190.0%

5 2.21 22.E3 28.55 93,59

5] 2.31 22.832 28.55 100.02

7 3.98 22.53 27.85 100.032

8 3.98 22.54 27.88 100.01

8 4.85 22.48 27.31% 100.02

1@ 4.65 22.48 27.32 100.06

R 5.32 22.40Q 26.88 102.00

12 5.32 22.40 2b6.88 100.00

13 5.88 22.35 26.50 100.02

14 5.99 22.35 26.52 100.02 ”
15 £.47 22.33 26.30 100.00
186 £.47 22.323 26.30 100.01

17 .06 22.05 3@.8¢2 10@.23 .
12 2.08 2Z.0t 30.87 99.98
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APPENDIX B
UNCERTAINTY ANALYSIS

When measuring a physical quantity, there will always be a differ-
ence between its actual value and the measured value. The best esti-
mate of this difference is defined as uncertainty of the measured value.
The uncertainty depends on equipment calibration and accuracy as
well as the operator. Although an uncertainty for a single measurement
might be very small, an equation or data reduction that combines two
or more measurements may generate results with rather large uncer-
tainties. The uncertainties of the physical quantities in this investiga-
tion are combined using an equation suggested by Kline and Mclintok

[Ref. 31].

2 2 2
w,=[(%{r—lwl) +[§axL2w2) «»......ﬁu(aaxr wn)] (B.1)
where

Wr = uncertainty of the desired dependent variable,

Xn = the measured variables, and

W5 = the uncertainties in the measured variables.

A program, designed by Mitrou [Ref. 10] to compute the uncer-

tainties of the modified Wilson plot technique, was used in this inves-
tigation. Slight modifications were made to include the difference

inside diameters and the testing of ethylene glycol.
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The following equation was used to compute the uncertainties on

the the enhancements.

e ] ]

N 2

where

We = uncertainty in enhancement for finned tube,

Wrsm = uncertainty of outside heat-transfer coefficient for a
smooth tube at maximum flow rate,

Wrsmn = uncertainty of outside heat-transfer coefficient for a
smooth tube at minimum flow rate,

Wrfm = uncertainty of outside heat-transfer coefficient for a finned
tube at maximum flow rate, and

Wrtmn = uncertainty of outside heat-transfer coefficient for a finned
tube at minimum flow rate.

The following are examples of the uncertainties.
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GATA FOF THE UNCERTAINTY
Fiie Name:

Fressure Condition:
Vagor Temperature
water Flow Rate (X!
Water Uelocity

Heat Flux
Tube-metal thermal conduc.
S:eder-Tate constant

UNCERTAINTY ANALYSIS:

ANALYSIS:

S4FRA17T
Atmospher:c

(121 wPa?
= 48.4C tDeg C»
= 20.00
= 2.06 {m/s)
= 6.333E+84 (W/m"2)
= 385.0 (W/m.K}
= 0.0300

VARIABLE PERCENT UNCERTAINTY
Mace Flow Rate, Md 2.00
Keynclds Number, Re 212
Heat Flu~, o 3,18
Log-Mean-Tem Diff, LMTD .86
W21li Recietance, Ruw 2.83
Overall H.T.C., Uc 2.27
Weter-5.de H.T.C., H: 712
Vapor-Side H.7.0., Ho g.25
O4T& FOF THE UNCERTAINTY ANALYSIS:
Fiie Name: SARATT
Fressure Ccrndition: Atmospheric (1@t LFa;
iagzr Temperature = 46.40 {(Teg C
Water Flow Rate (%7 = §@.0¢
water LUelzczits = 7.E2 (m/iel
Heat Fiu- = £.E6ETE+Q4  (Wim 2
Tute-meta. thermal conduc. = I85.0 (W. m.b s
Si1eder-Tate constart = 2.0500

UNCERTAINTY ANALYZIS:

VARTABLE

Mass Flow Rate, Md
Aeyncids Number, Re
Heat Flur, g
Log~Mean-Tem [1ff, LMTD
Weil Resgistance, Ruw

Overali B, 7.C., Uo

Water~-Ci10e =, 7.0., Hi

Vapor-Side H.7.0., Hc
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DATA FOR THE UNCERTAINTY ANALYS]S:

File Nare: LARAQR”

Pressure Congiticm: Atmospher:c < 1@! LFa)
. Vapc~ lerperature s 40.43 «(Deg C

wate- rlow Rate ' &4° = 20.00

water Veloc:ty - 1.16 (m/8)
’ Heat Flys - B.Q7EE+Q4 (W/m" Q)

Tibe-metal the~mal congus. = JB5.0 (Wim K}

Siege~-Tate constant - 0.2200

UNZERTAINTY ANALYSIS:

Vas [ABLE PERCENT UNCERTAINTY

Mass F.iw Fate, Mz 2.00

Feyrzids Nuvder ke 3.1

Heat Fiu., = 2.1

Log-Mean-Te~ T 67 (MO .BE

La.: Fes:starce, Fo .7

C.erall =00, Js 38

wate~-:.3e », " (., m; Toil

Leccr=S:08 m,T, 0., H: 1T.4E

[aTm S8 Twmi UNJERTAINTY ANALYEIS:

Fi.e "are: CAR&Q"
Fress ~& 0Pz %1270 “emzectheary: (10 iFa
vazic Temzerst.-e = 4F.47 1 Leg ©
wdler Foou Fete L = B{.OQ
wates el:z.t. = .40 ~ =
mepar F_ * 1.2:28+05 o w ~
TLtee~ata ther~s. 22e2LC s Ze5.C PO N
fiede~-"alte zzestany . Q.220¢
UNIERTLINT Y ANA_-31%:

VAR JABLE PERCENT UNCERTAINTY
Mass Ficw Fate, Mo e.79 ‘
fey,nrolgs Number, Se 1.1@
Hea: Flu-,, & 1,83
Leg-Meo~-Tem Liff (M0 1.7¢
bali Fes stance, Ry <.ET
Overali W, 7.2, Lo <.57
hate~-Sige %, 7. 0., H; £€.72
Vesar=Sige = 7.0, w: £.6€
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CrT& FOR THE OUNZERTAINTY ANALYSIS:

File Name: MIETVIQ3

Fressy~e Cond:ition: Vacuum (11 (Fa>

Vapor Temperature s 45.44 (Deg C
Water Flow Rate % = 20.00

water velocity = .16 (m/s)
Heat Flu- = 1.352E+05 (W/m" )
Tube~metal thermal conduc. = 385.0 (W/m, KD
Siege~-Tate constant = 0.06E0

UNCERTAINTY ANALYSIS:
VAR I ABLE

Mase Fl:e Fate, Md
Feyrcigs Number , Fe

rneat F,u,, C
~cp-Mear-Tem D.ff (MT[
Lai] Fes:sta-ze, Fu
c.eraii m.T.0., UC
wate--%S.de = T (., H:
apz-=-S.2e =, T.1., ke
Ce~E FOFR TrE UNCEFTAINTY

I BRS
Jac

File Nave:
Toegitizr:
Tempe~atyre
nate %

. .
'en-:;‘\.‘

Fress_-e
\as:ce

wacer Fic-,

UNIERTAINT
VAR I4B.E

Mase Ficw Rate, Md
Reynslds Number  FRe
Heat Flu-, a
Log-Mear-Ter Liff, LM
wail Res.starce, Ru
Dverall =, T.0., U
Water-S.de &7

o

~

]
My

r
eeey,

~
<, -

- ”~
ety de &,

PERCENT UNCERTAINTY

2.00
Z.11
J.0€E
a1
2.E7
Z.e8
.54
2.3
ANAL 1 S1C:
DAY (5
- [ t;e'
= J£.44 Toeg «
EE.OC
= .64 iwos
- 1.B8TIE4QRS ko om O
s JES.Q W
= ¢.0cEQ

PERCENT UNCERTAINTY

-~ 1) MW N M)W
- 2P am

- -

Gl Ll — )
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0ATA FOR THE UNCERTAINTY ANALYSIS:
File Name: S4STA100Q
Fressure Conditicn: Atmospheric (101 LPa)
Vapor Temperature = 100.00 (Deg C) .
water Fiocw Rste (%) = 20.00
Water Velccity = 2.06 (m/s)
Heat Flux = 5.1892E+85 (W/m"2
Tube-metal thermal conduc. = 385.0 (W/m.K) ‘
Sieder-Tete constant = 0.0510
UNCERTAINTY ANALYSIS:
VARIABLE PERCENT UNCERTAINTY
Mass Flocw Rate, M3 Z.01
Reyncids Number, ke 2.14
Heat Flux, g 7.04
Log-Mean-Tem [D1ff, LMTD S
Wall kesistance, ku 2.63
Overail H.T.C., U 3.04
Water-s:1de H.T.C., H1 E.41
Vapor-Side H.7.C., Ho 20.41
DATA FOR THE UNCERTAINTY ANALYSIS:
File Name: C4STAIRR *
Pressure Condition: Atmosphe~t1c (1@ FFa:
Vapor Tempersture = 1Q2.00 (Deg T
Wate- Flow Rate «%. = 56.00 e
water Velccaty = £.47 im/s
Heat Flu- = 7.69ZE+05 (W'm" 2
Tithe-metal therma. Zorduc. = 385.0 (W/m. K
Ziede~-Tate conctanrt = @.0510

UNCERTAINTY ANALYZIS:

VARIABLE PERCENT UNCERTAINTY
Mass Flow Rate, Mc ©.96
Fevnolds Number, Re 1.3
Heat Flux, @ 1.08
Log-Mesn-Tem Di1ff, LMTD 2l
wall Fesistance, Ruw 2.63
Qverell H.T.C., Uo 1.1@
Water-Side H.T.L., H1 £.99
Vapor~Side H.T.C., Ho 6.51
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DATA FCOR THE UNCERTAINTY ANALYSIS:

File Name: SMTHSTAGBS
Pressure Condition: Atmospheric (1Q1 KPa)
Vapor Temperature = 989,98 (Deg C
Water Flow Rate (%) = 20.00
Water Velocity = 1.16 {m/s)
Heat Flux = 4,003E+@5 (W/m"2)
Tube-metal thermal conduc. = 385.0 (W/m.K)
Sieder-Tate constant = ©.0660
UNCERTAINTY ANALYSIS:

VARIABLE FERCENT UNCERTAINTY
Mass Fiow Rate, Md 2.00
Reynclds Number, Re 3.1
Heat Flu-, q 3.04

Log-Mean-Tem Di1ff, LMTD .14

Wall Resistance, Ruw 2.67
Cvereall H.T.C., Uc 5.04
Water-Si1de H.T.C., H1 3.94
Vapor-Side H.T.L., He 7.91
DATA FOR THE UNCERTAINTY ANALYSIS:
File Name: SMTHSTAES
Pressure Cond:iticon: Atmespheric (121 LFPa)
Vapor Temperature = 100.082 {Deg C?
Water Flow Rate ‘%) = 80.00
Wate~ Velccity = 4.40 (mis )
Hezt Flu- = C.3Q1E+@5 (W/m 2
Tube-meisl thermal conduc. = 385.0 (W/m k)
Sieder-Tate constant = 0.0680
UNCERTAINTY ANALYEISG:
VARIABLE PERCENT UNCERTAINTY
Mass Flow Rate, Md 0.79
Feynolds Number , Re 1,12
Heat Flu~, g .99
Log-Mean-Tem Diff, LMTD .39
Wall Resistance, Rw 2.87
Overall H.T7.C., Uo 1.06
Water-Side H.T.C., Hi 3.18
Vapor-Side H.T.C., Ho 1.93
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DATA FQR THE UNCERTAINTY ANALYSIS:

File Name: L4STABE
Pressure Condition: Atmospheric (101 kPa)
Vapor Temperature = 89,95 (Deg C)
Water Flow Rate (%) = 20.00
Water VUelocity = 1.16 (m/s)
Heat Flux = 6.3287E+05 (W/m"2)
Tube~metal thermal conduc. = 385.0, (W/m,K)
Sieder-Tate constant = @.0660
UNCERTAINTY ANALYSIS:

VARIABLE PERCENT QNCERTAINTY
Mass Flow Rate, Md 3.00
Reynolds Number , Re 3.12
Heat Flu=, g 7.04

Log-Mean-Tem Diff, LMTD .09

Wall Resistance, Ru 2.87
Overall H.T.0., Vo 3.04
Water-Si1de H.T.C., H1 3.94
Vapcor-21de H.T.C., Ho 25.55
DATA FOR THE UNCERTAINTY ANA_YSIS:
File Name: L45TABE
Pressure Condition: Atmosgpheric (101 kPay
Vapor Temperature = 10@.0! (Deg C?
Water Flow Rate (%} = §Q0.00@
Weter Velocity = 4.40 {m/s)
Heat Flu~ = 1LI22E406 (W/m™2)
Tube-metal thermal conduc. = 385.0 (W/m. K3
Sieder-Taie constant = @.08602
UNCERTAINTY ANALYSIS:
VARIABLE PERCENT UNCERTAINTY
Mass Flow Rate, Md 0.7%
Reynolds Number, Re 1.12
Heat Flux, g .83
Log~Mean-Tem Diff, LMTD .19
Wall Resistance, Ruw 2.67
Overall H.T.C., Uo .94
Water-Side H.T.C., Hi Z.18
Vapor-Si1de H.T.C., Ho c.18
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DATA FOR THE UNCERTAINTY ANALYSIC:

File Name: L4STUE?
. Pressure Condit:on: Vacuum (11 kPa)
Vapor Temperature = 48.49 (Deg £
Water Flow Rate (%) = 20.00
Water Velccity = 1.16 {m/s?
Heat Flux = 1.885E+05 (W/m"2)
Tube-metal thermal conduc. = 285.0 (W/m.K)
Si1eder-Tate constant = ¢.0E6R
UNCERTARINTY ANALYSIS:
VARIABLE PERCENT UNCERTAINTY

ass Flow Rate, Md 3.0t
Reynolds Numher , Re 3.1
Heat Flu:., q 3.05

Log-Mean-Tem D1Ff, LMTD .30

Wall Resistarce, Ru 2.67
Overall H.T.C., Uo 2,07
Water-Side H.T.Z., H: 3.94
Vaper-Side H.T.C., Ho 23.98
DATA FOR THE UNCERTAINTY ANALYSIS:
File Name: L4sSTVE?
Fressure Conditicn: Vazuum (i1 kPa)
Vapcor Temperature = 48.48 ¢Deg C)
wate- Flow Rate (%} = 80.00 '
Water Velozity = 4.39 (misg!
Heat Flux = 3.778E4Q5  (W/m 20
Tube-metal thermal conduc. = 585.0 (W/m, b
Cieder-Tate constant = 0.06EQ
UNCERTAINTY ANALYSIS:

VARIABLE PERCENT UNCERTAINTY
Mass Flow Rate, Md @.78
Reynolds Number, Re 1.12
Heat Flu~, g 1.086
Log-Mean-Tem Diff, LMTD .68
Wall Resistance, Ruw 2.87
Overall H.T7.C., Uo 1.18
Water-Side H.T.C., H1 7.18
Vapor-Si1de H.7.C., Ho 6.58
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DATA FOR THE UNCERTAINTY ANALYSIS:

Fi:le Name: MIEGUIT
’ Pressure Ccndition: Vacuum (11 kPa)
Vapor Temperature = 127.83 (Deg C)
Water Flow Rate (%) = 20.00
, Water Velocity = 1.16 (m/s)
Heat Flux = 2.166E405 (W/m"2
Tube-metal thermal conduc. = 785.0 (W/m KD
Sieder~Tate constant = 0.0350
UNCERTAINTY ANALYSIG:
UVARIABLE PERCENT UNCERTAINTY
Mass Flow Rate, Md 3.00
Revnolds Number, Re 3.1
Heat Flux, q 3.04
Log-Mean-Ter Diff, LMTO .25
Wall Resistarnce, Ruw 2.87
Overall KH.7.C., Uc 3.2%
Waeter-Si1age H.T.C., H: 14.51
Vapor-Side H.7.C., Ho 10.1@
. DATA FOR THE UNCERTAINTY ANALYSIS:
File Name: MIEGV3T
Freessure Condition: Vacuum (11 kFay
Vapco~ Temperature = 127.81 (Ceg C:
Whater Flow Rate (%) = B0.00
Water Velccity = 4.40 tm/s )
Hest Flux = 2.8QIE+RS  (W/mm D)
Tube-meta!l thermal conduc. = 385.@ (Womr K
Cieder-Tate corcstant = 0.@352
UNCERTAINTY ANALYSIS:
VARIABLE PERCENT UNCERTAINTY
Mass Flow Rate, Mg .79
Reynolds Number, Re 1.1
Heat Flux, g 1.22
Log-Mean-Tem D1ff, LMTD .82
, Wall Resistance, Ruw 2.87
Overall H.T.C., Uo 1.48
Water-Si1de H.T.C., Hi 14.32
Vapor-~Side H.7.C., Ho 3.39
1]
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DATA FOR THE UNCERTAINTY ANALYSIS:

File Name: C4STV74
Pressure Condition: Vacuum (11 kPa)
Vapor Temperature = 48,45 (Deg C)
Water Flow Rate (%) = 20.00
Water Valocity = 2.086 (m/s)
Heat Flux = 1.592E405 (W/m"2
Tube-metal thermal conduc, = 385.0 (W/m, k)
Sieder-Tate constant = 0.0510
UNCERTAINTY ANALYSIS:

VARIABLE PERCENT UNCERTAINTY
Mass Flow Rate, Md 3.00
Reynolds Number, Re 3.13
Heat Flux, g 3.05

Log~-Mean-Tem Oiff, LMTD .35

Wall Resistance, Ruw 2.683
Overall H.7.C., Vo 3.07
Water~Side H.T.C., Hi 5.41
Vapor~S5ide H.T.C., Ho 18.78
DATA FOR THE UNCERTAINTY ANALYSIS:
File Name: S457V74
Pressure Condition: Vacuum (11 kPa)
Vapor Temparature = AR.46 (Deg C)
Water Flow Rate (%) = 40.00
liater Velocity = 2.98 (m/s)?
Heat Flux = 2.011E+05  (W/m" D)
Tube-metal thermal conduc. = 385.9 (W/m.R)
Sieder-Tate constant = 9.0510
UNCERTAINTY ANALYSIS:
VARTABLE PERCENT UNCERTAINTY
Mass Flow Rate, Md 1.5
Reynolds Number, Re 1.78
Heat Flux, g 1.70
Log-Mean~Tem Diff, LMTD .63
Wall Resistance, Ru 2.63
Overall H.T.C., Uo 1.78
Water-Side H.T.C,, Hi 6.07
Vapor-Side H.T.C., Ho g8.85
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DATA FOR THE UNCERTAINTY ANALYSIS:

File Name: RSMTHI
Pressure Condition: Atmospheric (1@t tFa)
Vapor Temperature = 48.22 (Deg C)
Water Flow Rate (%) = 20.00
Water UVelocity = V.17 (m/s)
Heat Flux = 2.591E+4+04 (W/m"2)
Tube~-metal thermal conduc. = 385.0 (W/m.K)
Sieder-Tate constant = 0.0300
UNCERTAINTY ANALYSIS:
VARIABLE PERCENT UNCERTAINTY
Mass Flow Rate, Md 2.89
Reynolds Number, Re 3.08
Heat Flux, q 3.68
Log~Mean-Tem Diff, LMTD 2.1
Uall Resistance, Rw 2.67
Overall H.T.C., Uo 4.24
Water-Side H.T7.C., Hi 7.12
Vapor-Side H.7.C., Ho 5.71

DATA FOR THE UNCERTAINTY ANALYSIS:

File Name: RSMTHI
Pressure Condition? Atmospheric (121 Pa)
Vapor Temperature = 48.4% (Deg C)
Water Flow Rate (%) = 80.00
Water Velocity = 4,42 (m/s)
Heat Flux = 2.995€E+04 (W/m"2)
Tube-metal thermal conduc. = 385.0 (W/m. k)
Sieder-Tate constant = 0.0300
UNCERTAINTY ANALYSI1S:
UARIABLE FERCENT UNCERTAINTY
Mass Flow Rate, Md 0.79
Reynolds Number, Re 1.08
Heaat Flux, q 6.98
Log-Mean-Tem Diff, LMTD 6.92
Wall Resistance, Ruw 2.67
Overall H.T.C., Uo 9.82
Water-Side H.T.C., Hi 6.73
Vapor-Side H.T7.C., Ho 10.83
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